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 Locomotion, including running, walking, and swimming, is a complex behavior 
enabling animals to interact with the environment. Vertebrate locomotion depends upon 
sets of interneurons in the spinal cord, known as the central pattern generator (CPG). The 
CPG performs multiple roles: pattern formation (left-right alternation and flexor-extensor 
alternation) and rhythm generation (the onset and frequency of locomotion). Many studies 
have begun to unravel the organization of the neuronal circuits underlying left-right and 
flexor-extensor alternation. However, despite pharmacologic, lesion, and optogenetic 
studies suggesting that the rhythm generating neurons are ispilaterally-projecting 
glutamatergic neurons, the precise cellular identification of rhythm generating neurons 
remains largely unknown.  
 Traditionally, CPG networks (both pattern formation and rhythm generation) are 
thought to reside upstream of motor neurons, which serve as the output of the spinal cord. 
Recently however, it has been discovered that direct stimulation of lumbar motor neurons 
using the intact ex vivo neonate mouse spinal cord preparation can activate CPG 
networks to produce locomotor-like behavior. Furthermore, depressing motor neuron 
discharge decreases locomotor frequency, whereas increasing motor neuron discharge 
accelerates locomotor frequency, suggesting that motor neurons provide ongoing 
 
 
feedback to the CPG. However, the circuit mechanisms through which motor neurons can 
influence activity in the CPG in mammals remain unknown. 
 Here, I used motor neurons as a means of accessing CPG interneurons by asking 
how motor neuron activation might induce locomotor-like activity. Through intracellular 
recording and morphological assays, I discovered that ventral spinocerebellar tract 
(VSCT) neurons are activated monosynaptically following motor neuron axon stimulation 
through chemical and electrical synapses. A subset of VSCT neurons were located close 
to or within the motor neuron nucleus. VSCT neurons were found to be excitatory, have 
descending spinal axon collaterals, and influence motor neuron output, suggesting that 
VSCT neurons are positioned advantageously to initiate and maintain locomotor-like 
rhythmogenesis. Intracellular recording from VSCT neurons revealed that they exhibit 
rhythmic activity during locomotor-like activity. VSCT neurons were found to contain the 
rhythmogenic pacemaker Ih current and to be connected to other VSCT neurons, at least 
through gap junctions. Optogenetic and chemogenetic manipulation of VSCT neuron 
activity provided evidence that VSCT neurons are both necessary and sufficient for the 
production of locomotor-like activity. Silencing VSCT neurons prevented the induction of 
such activity, whereas activation of VSCT neurons was capable of inducing locomotor-
like activity. The production of locomotor-like activity by VSCT neuron photoactivation 
was dependent upon both electrical communication through gap junctions as well as the 
pacemaker Ih current.  
 The evidence presented in this thesis suggests that VSCT neurons are critical 
components for rhythm generation in the mammalian CPG and are key mediators of 
locomotor activity.  
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1.1 Introduction to the motor system and locomotion 
 The central nervous system controls a wide array of behaviors essential for animal 
life, ranging from reflexes such as the breathing reflex or the “knee jerk” stretch reflex to 
more complex behaviors such as cognitive processing, emotions, and learning. 
Movement, in particular, is one of the most critical behaviors for animals, essential to 
sustain life. As the English physiologist Sir Charles Sherrington, who was awarded the 
1932 Nobel Prize, recognized in the 1924 Linacre Lecture, “to move things is all that 
mankind can do, and for this task the sole executant is a muscle, whether it be whispering 
a syllable or felling a forest” (Eccles and Gibson, 1979). Due its essential function and 
relatively accessible anatomy, neuronal control of movement has been extensively 
studied structurally and functionally. 
 The spinal motor neuron is critical for all movement as it is the neuron which 
innervates muscle. Each motor neuron sends its axon out the ventral root of the spinal 
cord, which together coalesce into nerves and innervate muscle fibers through a 
specialized synapse called the neuromuscular junction (NMJ). Upon induction of an 
action potential and subsequent propagation down its axon, the motor neuron releases 
acetylcholine from its axonal terminals onto muscle. Acetylcholine then binds to nicotinic 
acetylcholine receptors, a class of ligand-gated ion channels, causing depolarization of 
the muscle membrane, ultimately leading to actin-myosin crosslinking, muscle 
contraction, and movement (Caillé et al., 1985). 
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 The motor system, with motor neurons as “the final common path” (Eccles and 
Gibson, 1979), controls all behaviors, again ranging from simple reflexes to more complex 
integrated movements such as reach and grasp or walking. Locomotion is the motor 
function that allows animals to navigate their environment to find food and shelter, escape 
predators, and more. It is a ubiquitous, evolutionarily-conserved behavior found 
throughout the animal kingdom: fish swim, birds fly, worms crawl, mice walk on four limbs, 
humans walk on two limbs. It is also an essential behavior. Loss of locomotion represents 
a major loss of quality of life to humans and often loss of life itself to other animals. 
Amazingly, despite the ubiquity and necessity of locomotion, it typically remains an 
effortless behavior, naturally learnt by young kids and then used daily throughout life. 
 However, although locomotion generally seems effortless, it is anything but simple 
on a neuronal and muscular level. Proper production of locomotion involves complex 
coordination between muscles on both the left and right side of the body and throughout 
the entire body axis. Locomotion involves alternating rhythmic oscillations of activity 
between opposing limbs, as well as between antagonistic, flexor and extensor muscles 
of the same limb. The neuronal circuitry involved in planning and initiating locomotion 
resides in supraspinal areas, notably the cortex (Drew and Marigold, 2015), the basal 
ganglia (Grillner and Robertson, 2015), the midbrain (Ryczko and Dubuc, 2013), and the 
hindbrain (Orlovsky et al., 1999) (Fig. 1.1). Supraspinal circuitry also modulates 
locomotion, controlling the speed of locomotion and even the gait pattern used to achieve 
the desired speed (Orlovsky et al., 1999; Kiehn, 2016; Takakusaki, 2013; Ferreira-Pinto 
et al., 2018). However, the basic locomotor pattern is produced by neuronal circuits 
residing entirely within the spinal cord. In an elegant set of experiments over a century 
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ago, Thomas Graham Brown isolated spinal cord circuitry in adult cats and rabbits by 
complete transection of the spinal cord at the lower thoracic level while simultaneously 
preventing all sensory input through anesthesia (Brown, 1911; Guertin, 2013). 
Remarkably, he found that the spinal cord could still produce locomotor activity without 
any influence from the brain or sensory feedback from the periphery, as expressed 
through spontaneous stepping movements in the hindlimbs (which he termed “narcosis 
progression”). This finding spurred a century of work, still ongoing, into understanding the 
organization of the spinal neuronal circuits involved in locomotor behavior. A full 
description of these networks would entail revealing the precise cellular identity of the 
neurons involved in locomotor behavior, the cellular mechanisms through which they 
produce rhythmicity and locomotor behavior, the connectivity they form throughout the 
spinal cord, their recruitment pattern during different types of locomotion, along with other 
outstanding questions. Although much progress has been made since Graham Brown’s 
seminal experiments, a detailed description of spinal locomotor networks remains elusive. 
 
1.2 The importance of rodent models to study mechanisms involved in the genesis 
of locomotion  
 Studying the neural circuitry used by humans to produce locomotion lends insight 
into understanding human anatomy and physiology. In addition, human diseases, such 
as spinal cord injury, can greatly disrupt the production of locomotion and harm quality of 
life.  However, locomotor, and other motor, activity can be improved following spinal cord 
injury (Orsal et al., 2002; Rossignol and Frignon, 2011; Tillakaratne et al., 2010; 
McPherson et al., 2015). Recovery from spinal cord injury depends upon intrinsic spinal 
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and sensory mechanisms, and understanding the precise neuronal locomotor circuit 
involved will be critical to develop new therapies (Tillakaratne et al., 2010). 
 Mice are an excellent model system to study locomotion. During bipedal walking, 
humans are believed to coordinate locomotion similar to quadrupeds (Dietz and Michel, 
2009; Zehr et al., 2009). In addition, electrophysiological tools coupled with molecular 
mouse genetics enables complex and precise manipulation of specific elements of spinal 
circuitry in mice. In rodents, locomotion becomes evident at about ten days after birth 
(P10) due to the development of the anti-gravitational postural motor system (Jiang et al., 
1999; Westerga and Gramsbergen, 1990). However, the spinal circuitry necessary for 
patterned and alternating rhythmic activity, considered to be an early form of locomotor 
activity, is in place and functional by birth, as manifested by swimming in newborn mice 
(Clarac et al., 2004; Branchereau et al., 2000). 
 The ability of neonatal spinal cords to produce locomotion can be captured under 
experimental conditions using the ex vivo intact neonate mouse spinal cord preparation 
(Jiang et al., 1999; Otsuka and Konishi, 1974; Whelan et al., 2000; Bonnot et al., 2002). 
Under these experimental conditions, the activity produced is termed “locomotor-like 
activity” rather than locomotion, as there is, naturally, no movement of the animal. It is 
experimentally advantageous to study locomotor-like activity in the neonate animal rather 
than the adult animal. Technical difficulties in recording and manipulating spinal cord 
networks in adult rodents arise due to the increased myelination and concordant 
increased hypoxia in adult ex vivo preparations along with decreased capacity to induce 
locomotor-like activity ex vivo. 
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There are four major techniques for activating the neonate spinal cord locomotor 
networks in order to produce locomotor-like activity experimentally. First, electrical 
stimulation of sensory fibers can induce locomotor-like activity (Marchetti et al., 2001; 
Whelan et al., 2000). Second, electrical stimulation of motor neurons through stimulating 
the motor neuron axons in the ventral root can induce the rhythm as well (Mentis et al., 
2005). Third, application of a pharmacological cocktail of drugs consisting of NMDA, 
serotonin, and dopamine can reliably induce the rhythm for extended periods of time 
(Whelan et al., 2000; Kjaerulff and Kiehn, 1996). Lastly, electrical stimulation of 
descending fibers can induce locomotor-like activity, if the proper fibers and brainstem 
nuclei are left intact (Noga et al., 2003).  
Through all of these methods, the locomotor-like activity is produced with three 
main characteristics. First, the activity is cyclical and rhythmic, repeating for a number of 
cycles. For electrical stimulation, the rhythmic activity lasts for the duration of the 
stimulation (typically 10 seconds) and is of relatively higher frequency (~1 cycle/sec). 
Under the pharmacological cocktail of drugs, the rhythmic activity lasts for hours and is 
of relatively lower frequency (~0.33 cycles/sec). Second, there is an alternation of activity 
between the left and the right side of the spinal cord. Third, there is an alternation of 
activity between ipsilateral rostral (L1/L2) and caudal (L5/L6) lumbar segments. This form 
of alternation represents alternation between flexor motor neurons and extensor motor 
neurons, because the L1/L2 segments contain predominately flexor motor neurons, 
whereas the L5/L6 segments contain predominately extensor motor neurons (Kiehn, 
2006; Gosgnach et al., 2006; Whelan et al., 2000; Bácskai et al., 2014). Studies have 
demonstrated that locomotor-like activity is a good proxy for locomotion as the same basic 
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pattern of motor neuron firing is observed in both locomotor-like activity and locomotion 
(Bonnot et al., 2002; Smith et al., 1988; Kudo and Yamada, 1987). 
 
1.3 Spinal neural circuitry involved in locomotion 
 Following Graham Brown’s pioneering work demonstrating that the spinal cord 
contained all the circuitry needed for producing the locomotor pattern, much work over 
the past century has been carried out in order to shed insight into the precise cellular 
identity of the neurons involved in generating locomotor activity. The spinal motor neuron 
is critical to the generation of locomotor activity as the motor neuron conducts impulses 
to muscle in order to cause contraction. Motor neuron activity needs to be regulated such 
that the proper motor neurons are activated at the proper time in the step cycle to permit 
coordinated locomotion. It is thought that a network of spinal interneurons, collectively 
referred to as the central pattern generator (CPG), drives motor neuron activity to produce 
locomotion and is therefore responsible for the genesis of locomotor activity (Fig. 1.2) 
(Kiehn, 2011; Guertin, 2013). Activation of CPG interneurons results in rhythmic firing of 
motor neurons in a precise fashion to allow for the proper alternating and cyclic activity 
underlying locomotion to emerge.  
 The three main hallmarks of locomotor-like activity and locomotion, consisting of 
cyclic activity, left-right alternation, and flexor-extensor alternation, has allowed the CPG 
to be viewed and studied in a reductionist fashion. The CPG interneurons can thus be 
broken down to serve these three major functions as well. Rhythm generating CPG 
interneurons start the rhythm and control its tempo. Pattern formation CPG interneurons, 
on the other hand, have two functional roles. The left-right pattern-forming circuits permit 
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the coordination between the opposite sides of the body and limbs in limbed locomotion. 
The flexor-extensor pattern-forming circuits provide inter-limb coordination. Many studies 
have provided evidence that the locomotor circuitry can be broken down into these two 
basic layers of rhythm generation and pattern formation, which are produced by different 
neurons (Lafreniere-Roula and McCrea, 2005; Rybak et al., 2006a; Rybak et al., 2006b; 
McCrea and Rybak, 2008; Kiehn 2006; Brownstone and Wilson 2008). The rhythm 
generating interneurons are believed to reside upstream of pattern formation 
interneurons, which in turn activate motor neurons. These studies take advantage of 
“deletions” of activity in single motor nerves which are either “resetting” or “non-resetting”. 
Resetting deletions are associated with disruptions in the production of the locomotor 
rhythm, which entail a delay in the onset of the next burst, with a general phase shift in 
the post-deletion rhythm relative to the pre-deletion rhythm. Non-resetting deletions are 
not associated with rhythm disruptions, thereby not involving a phase shift of the post- to 
pre- deletion rhythm. Therefore, it has been argued that resetting deletions involve 
disruption of oscillatory activity in the rhythm generating neurons. On the other hand, non-
resetting deletions involve disruption of activity in the pattern formation neurons 
associated with the specific deletion observed. 
 Insights into the neuronal identity involved in each of these functional features has 
started to emerge, powerfully aided by classic and modern physiological techniques 
coupled with molecular genetic approaches. The location of the CPG interneurons has 
been found, through lesion experiments, to reside within the ventral side of the spinal cord 
(Kjaerulff and Kiehn, 1996). Genetic approaches in mice have enabled the identification 
of neurons based on their expression of specific transcription factors. During 
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embryogenesis, the graded activity of diffusible morphogens, including Sonic hedgehog, 
bone morphogenic proteins, and Wnts, demarcate transcription factor expression which 
then defines distinct progenitor domains (Gosgnach et al., 2017). The 12 progenitor 
domains in the spinal cord produce the 12 cardinal classes of neurons in the spinal cord 
labeled dI1-dI6, V0-V3, and motor neurons (Goulding and Pfaff, 2005). Each of the 
interneuron classes expresses a distinct transcription factor such that the V0 interneurons 
express developing brain homeobox 1 (Dbx1), the V1 interneurons express engrailed 
homeobox 1 (En1), the V2 interneurons express LIM homeobox protein 3 (Lhx3), and the 
V3 interneurons express single-minded homolog 1 (Sim1) (Alaynick et al., 2011; Jessell, 
2000; Goulding et al., 2002). However, it has been increasingly recognized in recent years 
that each of the basic progenitor domains gives rise to neurons with significant 
heterogeneity, in that they can be subdivided on the basis of expression of other 
transcription factors and genetic markers (Bikoff et al., 2016; Sweeney et al., 2018). 
Furthermore, there appears to be considerable functional redundancy between the 
interneuron classes, such that specific functions are controlled by neurons which can be 
produced through two or more of the progenitor domains (Zhang et al., 2014). 
Nevertheless, classification of spinal interneurons through their progenitor domains has 
become a powerful tool which has enabled selective manipulation of classes of 
interneurons, lending insight into their functional roles and into the organization of the 
spinal locomotor CPG. 
 
1.4 Left-right pattern-forming circuits 
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 Motor neurons controlling musculature on opposite sides of the body reside on 
opposite sides of the spinal cord. Therefore, logically, coordination of contralateral motor 
neuron activity to allow for left-right alternation depends upon interneurons with 
contralateral commissural projections. This was formally demonstrated in the ex vivo 
intact spinal cord preparation. Following hemisection of the spinal cord, left-right 
alternation, though present before hemisection, was abolished and although both sides 
demonstrated a locomotor rhythm, they were no longer coordinated across the midline 
(Kjaerulff and Kiehn, 1996). 
 Importantly, in limbed animals, locomotor speed can be dynamically regulated with 
a concomitant change in gait pattern to accommodate the speed of locomotion. Although 
this gait switch does not involve changes in flexor-extensor alternation, left-right 
coordination can be changed drastically as the speed of locomotion changes. At slower 
speeds of locomotion, like that observed in the ex vivo locomotor-like activity, left and 
right sides alternate. However, at faster speeds of locomotion, corresponding to the gait 
pattern known as bound in mice in vivo, the left and the right side no longer alternate, but 
instead become synchronous, as the left and right limbs extend in parallel (Kiehn, 2016; 
Bellardita and Kiehn, 2015; Serradj and Jamon, 2009). The circuitry underlying left-right 
coordination is therefore recruited in a task-dependent fashion.  
 The V0 neurons are characterized by their expression of the transcription factor 
Dbx1. Three main subclasses of V0 neurons have been described. The V0D interneurons 
are inhibitory interneurons which express paired box protein 7 (PAX7+), do not express 
homeobox even-skipped homologue protein 1 (EVX1-), and are located on the dorsal side 
of the ventral horn (Moran-Rivard et al., 2001; Pierani et al., 2001). By contrast, the V0V 
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interneurons are excitatory interneurons which are PAX7-, but EVX1+, and are located 
more ventrally than the V0D interneurons (Moran-Rivard et al., 2001; Pierani et al., 2001). 
A smaller population of V0 neurons consisting of less than 5% of the V0 population, the 
V0C interneurons, are cholinergic, EVX1+, express paired-like homeodomain transcription 
factor 2 (PITX2+), and make ipsilateral connections onto motor neurons (Zagoraiou et al., 
2009). Both the V0D interneurons and the V0V interneurons have been shown to be 
involved in left-right locomotor coordination (Fig. 1.3). 
 Genetic deletion of the entire V0 interneuron class was the first study to genetically 
manipulate a set of mouse spinal neurons defined by the expression of a transcription 
factor. Deletion of the entire class of V0 interneurons resulted in the abolishment of left-
right alternation as the left and the right side drifted in and out of phase with each other 
during locomotor-like activity (Lanuza et al., 2004). The inhibitory V0D interneurons and 
the excitatory V0V interneurons together were found to constitute a dual inhibitory pathway 
to support alternating, i.e. out-of-phase, activity in the motor neurons on the opposite 
sides of the spinal cord (Talpalar et al., 2013). The inhibitory V0D interneurons control left-
right alternation at slow locomotor speeds through direct monosynaptic connections onto 
contralateral motor neurons. On the other hand, the excitatory V0V interneurons control 
left-right alternation at faster locomotor speeds by activating contralateral last-order pre-
motor inhibitory interneurons which in turn inhibit motor neuron activity.  
 The cardinal class of V2 interneurons express Lhx3 and can be subdivided into 
two main subclasses. The V2a interneurons are excitatory and express ceh-10 
homeodomain containing homolog (Chx10). The V2b interneurons, by contrast, are 
inhibitory, do not express Chx10, but do express GATA binding protein 2 (GATA2) and 
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GATA binding protein 3 (GATA3) (Lundfald et al., 2007; Peng et al., 2007). Studies in 
which the V2a interneurons were genetically ablated were the first studies to manipulate 
the V2 population (Crone et al., 2008; Crone et al., 2009). Under their absence, the spinal 
cord could no longer produce consistent left-right alternation, demonstrating that V2a 
interneurons are involved in securing left-right alternation. V2a interneurons are excitatory 
and ipsilaterally-projecting (Crone et al., 2008; Lundfald et al., 2007). Interestingly, their 
involvement in left-right alternation is mediated by V0 interneurons as V2a interneurons 
were shown to make direct axonal connections to the V0 interneurons (Fig. 1.3). 
 The V0V, V0D, and V2a interneurons are all involved in establishing left-right 
alternation. However, the circuitry that is involved in coordinating left-right synchrony as 
a mouse increases locomotor speed and switches to the bound gait pattern is currently 
unknown. The Sim1-expressing V3 interneurons are an intriguing candidate for 
coordinating left-right synchrony since they are excitatory commissural neurons (Fig. 1.3). 
They are rhythmically active during locomotion (Borowska et al., 2013). Additionally, they 
monosynaptically contact contralateral motor neurons and interneurons (Zhang et al., 
2008; Blacklaws et al., 2015). However, when V3 interneurons are silenced acutely or 
chronically, there is no clear disruption in left-right coordination, despite perturbation of 
the regularity and robustness of the locomotor rhythm (Zhang et al., 2008). This finding 
led the authors to conclude that the V3 interneurons distribute excitatory drive 
symmetrically across both halves of the spinal cord in order ensure a balanced locomotor 
output. Nonetheless, due to the experimental nature of the ex vivo intact mouse spinal 
cord preparation, the involvement of V3 interneurons specifically in left-right synchrony 
was not directly tested. 
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 Of note, the dI6 interneurons have also been proposed to be involved in the 
development of a coordinated locomotor network (Andersson et al., 2012). The dI6 
interneurons originate from progenitor cells dorsal to the V0 interneurons, but migrate 
ventrally before birth (Gross et al., 2002; Müller et al., 2002). The dI6 interneurons make 
both ipsilateral and contralateral projections and project in a monosynaptic fashion onto 
motor neurons (Andersson et al., 2012). There are, as with the other spinal interneuron 
cardinal classes, many subsets of dI6 interneurons, of which the subset expressing 
doublesex and mab-3 related transcription factor 3 (Dmrt3) is the only one which has 
been experimentally manipulated. Dmrt3 mutant mice exhibit irregular bursting during 
locomotor-like activity on either side of the spinal cord. Furthermore, a population of 
Icelandic horses contains a naturally occurring Dmrt3 mutation. Analysis of their gait 
pattern showed that they were capable of producing an alternate gait, not normally 
expressed in wild type horses, which required unusual coordination between motor pools. 
Collectively, this implies that the dI6 interneurons help coordinate locomotor movements, 
but developing the ability to acutely and reversibly manipulate dI6 interneuron activity 
would greatly aid in assigning a specific functional role. 
 
1.5 Flexor-extensor pattern-forming circuits 
 During locomotion in limbed animals, alternation between flexor and extensor 
motor neurons is critical in order to allow proper motion of the limb. In general, flexor 
muscles are activated during the swing phase in order to flex the limb and bring it forward, 




 Interestingly, alternation between flexor and extensor motor neurons persists in 
the hemisected spinal cord (Kjaerulff and Kiehn, 1997; Whelan et al., 2000). Furthermore, 
blocking inhibitory synaptic drive through GABAergic and glycinergic antagonists 
prevents flexor-extensor alternation and instead results in flexor-extensor synchrony 
(Cowley and Schmidt, 1995; Hinckley et al., 2005). Together these findings imply that 
ipsilaterally-projecting inhibitory interneurons are responsible for coordinating alternation 
between flexor and extensor motor neurons. 
 Providing further evidence that inhibitory interneurons are responsible for 
producing flexor-extensor alternation, one study eliminated excitatory synaptic 
transmission genetically (Talpalar et al., 2011). Despite the absence of excitatory synaptic 
transmission, under application of pharmacological agents the spinal cord still retained 
the capacity to produce locomotor-like activity. In this context, flexor-extensor alternation 
was preserved, implying that the minimal inhibitory network remaining was sufficient for 
flexor-extensor alternation. 
 With regards to flexor-extensor alternation, much attention has focused on 
reciprocal Ia inhibitory interneurons, responsible for reciprocal inhibition onto motor 
neurons. These interneurons are activated by Ia afferents originating in muscle spindles 
and then monosynaptically inhibit motor neurons which innervate the antagonist muscle 
(Renshaw, 1946; Eccles et al., 1954; Eccles et al., 1956; Wang et al., 2008). They are 
rhythmically active during locomotion (Geertsen et al., 2011; Pratt and Jordan, 1987). 
These findings, especially their known role in flexor-extensor reflex coordination, have 
made them an intriguing target for coordinating flexor-extensor alternation during 
locomotion. However, due to the lack of mouse reagents permitting specific manipulation 
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of reciprocal Ia inhibitory interneurons, their functional role in flexor-extensor alternation 
has yet to be definitively proven. 
 Recently, significant insight into understanding locomotor flexor-extensor 
alternation has been made through genetic ablation experiments targeting the V1 and the 
V2b interneurons. Abolishing the V1 interneurons had no effect on flexor-extensor 
alternation (Gosgnach et al., 2006). Likewise, silencing the V2b interneurons had no 
effect on flexor-extensor alternation (Zhang et al., 2014). However, when both the V1 and 
the V2b interneuron populations were silenced, flexor-extensor alternation was abolished 
and instead flexor-extensor synchrony emerged (Fig. 1.4) (Zhang et al., 2014). As 
expected, left-right alternation persisted, since previous studies had shown that left-right 
alternation depends upon V0 and V2a interneurons. Interestingly, this study also provided 
evidence that all reciprocal Ia inhibitory interneurons are contained within the V1 and the 
V2b interneuron populations (Zhang et al., 2014). Approximately 30% of V1 interneurons 
and 20% of V2b interneurons were estimated to be reciprocal Ia inhibitory interneurons. 
Coupled with the fact that abolishing the V1 interneurons or V2b interneurons alone had 
no effect on flexor-extensor alternation, this finding suggests that reciprocal Ia inhibitory 
interneurons may be responsible for flexor-extensor alternation. However, because most 
V1 and V2b interneurons are not reciprocal Ia inhibitory interneurons, the study could not 
determine whether the abolition of flexor-extensor alternation was due to loss of function 
in reciprocal Ia inhibitory interneurons, in other interneurons in those populations, or in a 
combination of reciprocal Ia inhibitory interneurons plus other interneurons.  
 
1.6 Rhythm generating circuits 
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 Many studies have provided evidence that the neurons involved in rhythm 
generation are excitatory and ipsilaterally-projecting, in both limbed and non-limbed 
animals (Kiehn, 2016; Brownstone and Wilson, 2008; Grillner, 2003; Grillner and Jessell, 
2009). Blocking excitatory neurotransmission halts the production of locomotor activity 
(Kiehn, 2016; Grillner and Jessel, 2009, Roberts et al., 2008; Goulding, 2009; Whelan et 
al., 2000). Further evidence comes from the hemisected spinal cord, in which rhythm 
generation still occurs evidenced by readily-observable cyclical motor output (Kjaerulff 
and Kiehn, 1996; Kjaerulff and Kiehn, 1997; Whelan et al., 2000). 
 An evolutionarily-simple form of locomotion, termed undulatory locomotion, is 
observed in lampreys and tadpoles (Kiehn, 2016; Brownstone and Wilson, 2008). 
Undulatory locomotion is driven by axial muscles and involves alternating left-right muscle 
contractions that travel as a sinusoidal wave along the body axis. In both lampreys and 
tadpoles, electrophysiological and anatomical techniques have discovered sets of 
excitatory neurons projecting ipsilaterally which appear to constitute the rhythm 
generating core (Grillner, 2003; Grillner and Jessell, 2009; Roberts, et al., 2008; Roberts 
et al., 2010; Buchman and Grillner, 1987; Dale and Roberts, 1985). Notably, their 
connectivity includes electrical coupling as well as reciprocal excitation, which have 
emerged as cellular processes that may be involved in rhythmogenesis and will be 
discussed in further detail later (Li et al., 2009; Li et al., 2006; Parker and Grillner, 2000). 
These neurons fire in a rhythmic fashion during locomotion and in addition to activating 
ipsilateral motor neurons, also activate commissural inhibitory interneurons, which in turn 
inhibit contralateral motor neurons (Fig. 1.5A). 
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 Zebrafish has emerged as a major model organism for studying CPG interneurons. 
Many studies have been conducted on both zebrafish larvae as well as adult zebrafish. 
In larvae, two groups of excitatory interneurons have been shown to be involved in rhythm 
generation: the multipolar commissural descending (MCoD) neurons and the 
circumferential ipsilaterally descending (CiD) neurons (McLean et al., 2007; McLean et 
al., 2008).  The MCoD neurons arise from the V0V interneurons, whereas the CiD neurons 
express a transcription factor analogous to Chx10 in mice (i.e. are analogues of the 
mouse V2a interneurons) (Kimura et al., 2006). Interestingly, both the MCoD (V0V) and 
CiD (V2a) neurons provide both synaptic and electric excitatory connections to motor 
neurons (McLean et al., 2007; McLean et al., 2008). Several studies have shown that in 
larvae, the MCoD (V0V) neurons regulate swimming at slow speeds, while the CiD (V2a) 
neurons differentially regulate swimming at medium and fast speeds (Fig. 1.5B) (McLean 
et al., 2007; McLean et al., 2008; Kimura et al., 2006; Eklof-Ljunggren et al., 2012; 
Ljunggren et al., 2014). Removal of the MCoD (V0V) neurons via laser ablation severely 
reduces the production of slow locomotion, while not affecting faster locomotion (McLean 
et al., 2007). Removal of specific CiD (V2a) neurons via laser ablation, on the other hand, 
reduces the maximal frequency of swimming locomotion (McLean et al., 2007; Eklof-
Ljunggren et al., 2012).  
However, as the zebrafish ages into the adult, the CiD (V2a) neurons differentially 
regulate swimming from slow to medium to fast speeds (Fig. 1.5B) (Ampatzis et al., 2014; 
Ampatzis et al., 2013). This functional diversity allows the CiD (V2a) to be divided into 
three functionally separate classes controlling locomotion at increasing speeds (Ausborn 
et al., 2012). Furthermore, there is no evidence of MCoD (V0V) neurons in the adult 
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zebrafish (Björnfors and El Manira, 2016). Together, these findings strongly implicate V2a 
neurons in rhythm generation as they are both necessary and sufficient to generate the 
locomotor rhythm (Eklof-Ljunggren et al., 2012; Ljunggren et al., 2014). Additionally, they 
provide evidence that distinct groups of neurons are active at different locomotor speeds, 
thereby allowing for locomotor speed control. 
Another set of interneurons that has been shown to regulate swimming in lamprey 
and zebrafish are the CSF-contacting neurons (CSF-cNs) called Kolmer-Agduhr cells 
(Hubbard et al., 2016; Jalalvand et al., 2016). CSF-cNs surround the central canal, have 
been shown to project directly to locomotor CPG interneurons in these species, and 
interestingly are inhibitory, expressing GATA3 akin to V2b interneurons. CSF-cNs have 
recently been discovered in the mouse spinal cord as well; they are generated by a late 
neurogenic event (Petracca et al., 2016). The functional role of CSF-cNs in the mouse 
with regards to locomotion has yet to be assessed.  
 In mammalian limbed locomotion, mice have become the model system of choice 
for most investigators because of the relative accessibility of the spinal networks coupled 
with modern mouse genetic tools, enabling the design and implementation of complex 
experiments to manipulate defined subsets of spinal neurons. Multiple lines of evidence 
point towards the role of glutamatergic interneurons in mammalian rhythm generation. 
Blocking excitatory glutamatergic neurotransmission in the rodent ex vivo spinal cord 
preparation through optogenetic inhibition prevents the induction of rhythmic locomotor 
activity (Hägglund et al., 2013). Conversely, optogenetic activation of excitatory 
glutamatergic spinal interneurons can evoke locomotor-like activity during development 
(Hägglund et al., 2010). 
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 There have been many experimental and modeling studies into understanding the 
structure of the excitatory rhythm generating network in mice. Many possible models have 
emerged from these studies. Briefly and most notably, these include the classic “half-
centre model” (Stuart and Hultborn, 2008), a localized rhythmogenic center (Cazalets and 
Bertrand, 2000; Cazalets et al., 1995), a dominating flexor-burst model (Brownstone and 
Wilson, 2008; Zhong et al., 2012; Shevtsova et al., 2015; Machado et al., 2015; Hinckley 
et al., 2015), and the unit-burst generator concept (Grillner, 1981). Although these models 
are essentially mutually exclusive in that usage of any one of these models prevents the 
operation of the others, it is possible that certain models are predominant under certain 
conditions. As the motor task of the animal changes, so might the operation of the 
locomotor network.  
Lesion experiments have localized rhythm generating interneurons to the ventral 
side of the spinal cord (Kjaerulff and Kiehn, 1996). Furthermore, the entire lumbar spinal 
cord has been shown to contain rhythm generating interneurons because lesion 
experiments have shown no lumbar segment to be necessary for the production of 
locomotor-like activity (Kjaerulff and Kiehn, 1996). Optogenetic activation of regionally 
specific spinal excitatory neurons produces rhythmic output, albeit in a restricted fashion 
(Hägglund et al., 2013).  
Notably, although the whole lumbar spinal cord is capable of rhythm generation, 
multiple lines of evidence point towards the L1 and L2 segments as being the most 
rhythmogenic segments of the spinal cord (Cazalets et al., 1995; Kjaerulff and Kiehn, 
1996; Marcoux and Rossignol, 2000). Application of serotonin and NMDA to the L1/L2 
segments, but not to the lower lumbar segments, is sufficient to induce locomotor-like 
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activity throughout the lumbar spinal cord (Cazalets et al., 1995). Lesion experiments 
have shown that although the rhythm-generating network is distributed throughout the 
entire lumbar spinal cord and into the caudal thoracic spinal cord, the rostral L1/L2 lumbar 
segments produce the fastest and most regular rhythmic activity, suggesting that they are 
the most rhythmogenic segments of the spinal cord (Kjaerulff and Kiehn, 1996). 
Optogenetic activation of excitatory spinal interneurons produces locomotor-like activity 
more readily in the upper lumbar compared to lower lumbar segments, and the frequency 
of locomotor-like activity is faster with upper lumbar activation (Hägglund et al., 2013). 
Finally, many modeling studies involve the primacy of the L1 and L2 segments in 
producing the locomotor rhythm (Cazalets and Bertrand, 2000; Cazalets et al., 1995; 
Brownstone and Wilson, 2008; Zhong et al., 2012; Shevtsova et al., 2015; Machado et 
al., 2015; Hinckley et al., 2015). In sum, multiple lines of evidence point towards the L1 
and L2 lumbar segments as being the most rhythmogenic segments of the spinal cord, 
despite not being the sole rhythmogenic spinal segments. 
Given the importance of the CiD (V2a) interneurons for rhythm generation in 
zebrafish, the first group of excitatory interneurons targeted for experimental manipulation 
in the mouse spinal cord was the V2a interneurons (Crone et al., 2008). However, their 
elimination did not prevent the induction of locomotor-like activity. Due to the finding that 
left-right alternation was instead disrupted, they appear to be downstream of the rhythm 
generating neurons in mice. Likewise, elimination of the MCoD equivalent in mice, the 
V0V interneurons, does not disrupt rhythm generation, but rather disrupted left-right 
alternation (Lanuza et al., 2004; Talpalar et al., 2013). These findings imply that the V2a 
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and the V0V interneurons’ functional role changed over the course of evolution from that 
of rhythm generation to that of left-right pattern formation. 
Recently, a study put forth the ipsilaterally-projecting excitatory interneurons 
marked by the expression of the transcription factor short stature homeobox protein 2 
(Shox2) as mammalian rhythm generating interneurons (Fig. 1.6) (Dougherty et al., 
2013). Shox2 interneurons partially overlap with the V2a interneurons such that three 
populations of neurons can be identified: V2a (Chx10+) Shox2-expressing (Shox2+) 
neurons, non-V2a (Chx10-) Shox2-expressing (Shox2+) neurons, and V2a (Chx10+) non-
Shox2-expressing (Shox2-) neurons. Silencing the entire Shox2+ population through 
either optogenetic silencing or synaptic output blockade did not change the pattern of 
locomotion, but substantially perturbed the locomotor rhythm, without completely blocking 
it. However, genetic ablation of the V2a Shox2+ neurons did not perturb the locomotor 
rhythm. Therefore, the authors concluded that non-V2a Shox2+ neurons are involved in 
rhythm generation, whereas the V2a neurons involved in left-right alternation must be 
Shox2-. Shox2+ neurons are rhythmically active and have cellular properties and synaptic 
connections which could support a role in rhythm generation. Importantly, ablation of 
Shox2 neurons did not abolish locomotor-like activity, indicating that other interneurons 
are additionally involved in mouse rhythm generation. 
A second major candidate neuronal class involved in mouse rhythm generation 
are interneurons marked by expression of the Homeobox Protein Hb9 (Fig. 1.6). These 
interneurons are a group of rhythmically active excitatory neurons located in the 
ventromedial lumbar spinal cord which have intrinsic properties and connectivity that 
could support a role in rhythm generation (Brownstone and Wilson, 2008; Wilson et al., 
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2005; Hinckley et al., 2005; Ziskind-Conhaim and Hinckley, 2008; Brocard et al., 2010). 
Hb9 is often used as a post-mitotic motor neuron marker (Pfaff et al., 1996; Saha et al., 
1997), which has hindered the specific manipulation of Hb9-expressing interneurons. 
However, a recent study successfully silenced the Hb9 excitatory interneurons 
selectively, while not affecting motor neuron output, through genetic knockout of the 
vesicular glutamate transporter 2 (VGluT2) in Hb9-expressing neurons (Calderia et al., 
2017). Intriguingly, silencing of the Hb9 excitatory interneurons led to a significant 
reduction in locomotor frequency and therefore rhythm generation, while not affecting 
either left-right or flexor-extensor pattern formation. Similar to the experiments in which 
Shox2 interneurons were silenced, the production of locomotor-like activity was not totally 
abolished, implying that Hb9 interneurons are not the sole rhythm generating 
interneurons. Furthermore, Hb9 neuron oscillatory activity has a delayed onset relative to 
that of ipsilateral motor neurons, further implying that Hb9 interneurons are not exclusive 
components of the rhythm generating element of the locomotor CPG (Kwan et al., 2009).  
In summary, despite recent studies beginning to shed insight into the cellular 
identity of the ipsilateral excitatory interneurons involved in mammalian rhythm 
generation, the precise composition of the rhythm generating neurons has not yet been 
elucidated. It is possible that several different subclasses of excitatory interneurons 
contribute to rhythm generation in mammals. Alternatively, it is also possible that the 
proper method of delineating this cell population from other neurons has yet to be 
determined. 
 
1.7 Cellular basis for the rhythmic activity in excitatory interneurons 
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 There are two broad, independent, mechanisms that might contribute to the 
generation of rhythmic activity (Brocard et al., 2010; Marder and Bucher, 2001; Feldman 
et al., 2013; Getting, 1989; Perkel, 1976). First, the rhythmic bursting may occur through 
connections between rhythm generating interneurons (i.e. circuit mechanisms). Second, 
the rhythmic activity may emerge intrinsically within the neuron due to cell-autonomous 
rhythmogenic, pacemaker-like, properties (i.e. cellular properties). These two 
mechanisms are not mutually exclusive in that they both may operate to produce rhythm 
generation in some or even all species or contexts. 
 One important type of connectivity that likely has a role in rhythm generation is 
electrotonic coupling through gap junctions. Electrotonic coupling between interneurons 
is believed to facilitate rhythm generation in diverse species, including swimming in 
Tritonia (Getting et al., 1980), digestion in the stomatogastric ganglion of lobster (Eisen 
and Marder, 1982), and respiration in the pre-Bötzinger complex and hypoglossal nucleus 
in mammals (Rekling et al., 2000). Furthermore, gap junction connections have been 
proposed to be involved in the synchronization of motor neuron oscillations in the neonate 
rat (Tresch and Kiehn, 2000). Electrotonic coupling can serve several potential functions 
in facilitating the generation of rhythmic activity. It can facilitate synchronous action 
potential production across neurons (Llinás and Yarom, 1986; Conners and Long, 2004). 
Depending on coupling conductance and the intrinsic properties of the neurons, this can 
result in neurons firing either in or out of phase from each other (Sharp et al., 1992; Ozden 
et al., 2004; Conners and Long, 2004). Electrotonic activity can also promote bursting 
activity of an entire network even if only a minority of neurons contain intrinsic pacemaker 
properties (Getting and Willows, 1974; Skinner et al., 1999; Sherman and Rinzel, 1992). 
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Together, these findings from experimental and computational work show that 
electrotonic coupling helps give rhythm generating networks bursting properties. 
Intrinsic rhythmogenic cellular properties enable cells to produce action potentials 
endogenously without relying on synaptic input. Studies in invertebrates have 
demonstrated that the intrinsic properties of neurons can function in both rhythm 
generation and pattern formation (Getting, 1989). One property that has emerged is 
activation of the glutamate NMDA receptor by glutamate. Activation of glutamate NMDA 
receptors causes bursting in spinal neurons as well as motor neurons in a variety of 
species (Kiehn et al., 1996; Hochman and McCrea 1994; Reith and Sillar, 1998; Wallen 
and Grillner, 1987; Li et al., 2010). In lampreys and tadpoles, activation of glutamate 
NMDA receptors is involved in generating swimming (Grillner, 2003; Roberts et al., 2008; 
Li et al., 2010). However, glutamate NMDA receptors appear to be unnecessary for 
rhythm generation in mammals because blockade of their activity does not hinder the 
production of locomotor-like activity (Cowley et al., 2005; Beato et al., 1997). 
Several different properties, each of which has a distinct current underlying its 
production, seem to be involved in various aspects of rhythm generation or pattern 
formation (Marder and Bucher, 2001). Plateau potentials allow the neuron to exhibit 
sustained action potential firing despite the cessation of synaptic input (Fig. 1.7A) 
(Conway et al., 1988; Russell and Hartline, 1978). Spike frequency adaptation, a 
decrease in the interspike interval during a train of action potentials, is thought to 
contribute to burst termination (Fig. 1.7B) (El Manira et al., 1994; Sun and Dale, 1998). 
Post-inhibitory rebound is a particularly attractive characteristic in rhythm generating 
neurons (Fig. 1.7C). It is important in the timing of action potential burst onset, the pattern 
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of rhythmic firing, and also appears to stabilize the rhythm (Arshavsky et al., 1998; Eisen 
and Marder, 1984; Harris-Warrick et al., 1995; Hartline and Gassie, 1979; Roberts et al., 
1995; Tegner et al., 1997; Hooper and DiCaprio, 2004).  
The capacity to fire intrinsically, i.e. a pacemaker property, is another intrinsic 
characteristic that can contribute to rhythmicity in neurons (Fig. 1.7D). There are two 
major currents thought to underlie pacemaker properties in neurons: persistent inward 
currents and hyperpolarization-activated inward current or the h-current (Ih).  
Persistent inward currents are typically due to sodium entry into the cell and are 
activated in the sub-threshold range for sodium channel activation for action potential 
generation (Dai et al., 2008; Tazerart et al., 2007; Zhong et al., 2007; Ziskind-Conhaim et 
al., 2008). Evidence towards persistent inward current involvement in locomotion comes 
from experiments in which blockade of the persistent inward current perturbed the 
production of a rhythmic motor output (Tazerart et al., 2007; Zhong et al., 2007). 
Furthermore, in modelling studies, expression of a persistent inward current endows the 
network with rhythmogenic properties and bursting (Shevtsova et al., 2015). Persistent 
inward current has also been proposed to be involved in rhythmogenesis in respiratory 
networks (Feldman et al., 2013; Richter and Smith, 2014). However, because blocking 
the persistent inward current impairs action potential generation in motor neurons (Zhong 
et al., 2007), no study to date has definitively established a role for persistent inward 
currents in spinal locomotion rhythm generation. 
The h-current was first described in the hippocampus (where it was called IQ for 
“queer” current) (Halliwell and Adams, 1982) and in the heart (called If for “funny” current) 
(Yanagihara and Irisawa, 1980; Brown and DiFrancesco, 1980). It is activated by 
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hyperpolarization and mediated by hyperpolarization-activated cyclic nucleotide-gated 
(HCN) channels (Gauss et al., 1998; Ludwig et al., 1998; Santoro et al., 1998). HCN 
channels have a mixed cation permeability, with Na+ and K+ permeability predominately 
contributing to its pacemaker functions, by setting its equilibrium potential to -35mV (Lüthi 
and McCormick, 1998). Its voltage-dependence can be modulated by cAMP (Kase and 
Imoto, 2012; Lüthi and McCormick, 1998; Pape, 1996). This current underlies the 
pacemaker ability of the heart (DiFrancesco, 1981; DiFrancesco, 2010). Intriguingly, Ih is 
one current responsible for producing a post-inhibitory rebound (Friesen, 1994; Johnson 
and Getting; 1991; Dekin, 1993). Neurons which contain an h-current exhibit a post-
inhibitory rebound. In the respiratory central pattern generator in mammals, a majority of 
pacemaker neurons were found to exhibit Ih and blockade of Ih was found to alter the 
generation of the locomotor rhythm (Thoby-Brisson et al., 2000). The h-current has been 
described to exist in numerous spinal excitatory interneurons as well (Kjaerulff and Kiehn, 
2001; Kiehn et al., 2000; Rivera-Arconada, 2013; Perry et al., 2015). A potential role for 
Ih in the production of locomotion by the spinal cord has yet to be definitively 
demonstrated. 
 
1.8 Motor neuron influence on the activity of the locomotor central pattern 
generator 
 Dogma in the field of motor control generally and locomotion specifically postulates 
that motor neurons are largely output elements, conveying motor commands to peripheral 
muscles. In this view, the generation of the locomotor rhythm depends upon CPG 
interneurons without contributions from motor neurons. However, the discovery that 
26 
 
stimulation of mouse motor neuron axons can induce neuronal locomotor activity ex vivo 
during development challenges this hypothesis by raising the novel idea that motor 
neurons themselves may be involved in activating the CPG (Mentis et al., 2005).  
In the neonate mouse ex vivo intact spinal cord, motor neuron axon stimulation 
can still evoke locomotor activity in the presence of cholinergic receptor antagonists 
(Mentis et al., 2005). This may be because motor neurons release a second, fast, 
excitatory neurotransmitter from their central axon collaterals in addition to acetylcholine 
(Mentis et al., 2005; Nishimaru et al., 2005). Additionally, in the disinhibited spinal cord, 
a brief burst of ventral root stimuli can entrain bursting in neonate rat and neonate mouse 
(Machacek and Hochman, 2006; Bonnot et al., 2009). Importantly, ventral root stimulation 
provides an attractive tool to study locomotor circuitry because the spinal axon collaterals 
of motor neurons innervate a limited range with limited targets within the spinal cord.  
In invertebrates, motor neurons have been shown to be integrally involved in 
locomotor rhythmogenesis in leech, drosophila, nematode, and crab (Hashemzadeh-
Gargari and Friesen, 1989; Weimann et al., 1991; Matsunaga et al., 2017; Chalfie et al., 
1985). A recent study also found that motor neurons play a role in controlling the 
locomotor CPG in vertebrates in the adult zebrafish (Song et al., 2016). Gap junctions 
were discovered between V2a rhythm generating neurons and motor neurons, which 
allowed a retrograde voltage signal to be transmitted from motor neurons to V2a 
interneurons. This signal was capable of contributing to the recruitment of V2a 
interneurons and to their synaptic release. Intriguingly, optogenetic inhibition of motor 
neurons acted to decrease the frequency of locomotion during ongoing locomotion 
through their connections with V2a interneurons. This finding suggests that motor 
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neurons are vital components of the rhythm generating neural circuitry involved in 
locomotion in zebrafish. 
 Mouse motor neurons have been recently shown to have the capacity to influence 
the locomotor CPG and the frequency of locomotion as well, likely through a 
glutamatergic mechanism (Falgairolle et al., 2017). In this study, the authors manipulated 
the activity of motor neurons optogenetically during ongoing locomotor-like activity 
induced by application of the pharmacological cocktail of drugs consisting of NMDA, 
serotonin, and dopamine. Activating motor neurons in this fashion (through 
Channelrhodopsin2) accelerated the rhythm. Conversely, silencing of motor neurons 
(through Halorhodopsin or Archaerhodopsin-T) decreased the frequency of the rhythm. 
This decrease was not due to cholinergic transmission as it persisted in the presence of 
cholinergic antagonists. Interestingly, the presence of the glutamate AMPA-receptor 
antagonist NBQX did attenuate the decrease in frequency, suggesting that synaptic 
release of glutamate is involved in the mechanism through which mouse motor neurons 
influence the locomotor CPG. However, whether this is due to glutamate release by motor 
neurons or interneurons remains to be determined. 
 The most well-studied target of central motor neuron axon collaterals in mouse is 
a class of inhibitory interneurons known as Renshaw cells, responsible for recurrent 
inhibition though reciprocal connections to motor neurons (Alvarez and Fyffe, 2007; 
Renshaw, 1946; Eccles et al., 1954). However, several lines of evidence lead to the 
conclusion that Renshaw cells are unlikely to mediate the production of locomotor-like 
activity following ventral root stimulation. First, Renshaw cells are inhibitory interneurons, 
using GABA as a neurotransmitter during early development, but switching to glycine 
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during the first postnatal week (Alvarez and Fyffe, 2007). Through reciprocal connections 
to motor neurons, they create a circuit of recurrent inhibition (Alvarez and Fyffe, 2007). 
The chloride equilibrium potential of motor neurons determines the postsynaptic effects 
of GABA/glycine released by Renshaw cells, and as the intracellular chloride 
concentration is drastically lowered in motor neurons by postnatal day 0 (P0) (Delpy et al. 
2008), at birth GABA/glycine exert hyperpolarizing effects on motor neurons. Activation 
of Renshaw cells will thus hyperpolarize motor neurons and inhibit their firing (Deply et 
al., 2008; Bhumbra et al., 2014). Second, in the disinhibited spinal cord (in the presence 
of the inhibitory antagonists bicuculline and strychnine), ventral root stimuli can entrain 
bursting, demonstrating that the excitatory effects of motor neuron stimulation do not rely 
upon inhibitory neurotransmission (Machacek and Hochman, 2006; Bonnot et al., 2009). 
Third, although mecamylamine administration does not greatly disturb the rhythmic 
locomotor firing of motor neurons, it does greatly abolish the rhythm firing of Renshaw 
cells as well as their ventral root evoked discharge, implying that Renshaw cells are not 
integral components of the CPG (Noga et al., 1987). Fourth, gait is not affected following 
the silencing of Renshaw cells in vivo (Enjin et al., 2017). Last and most importantly, 
inactivation of Renshaw cells, along with a broader class of inhibitory interneurons, does 
not prevent the induction of locomotor-like activity (Gosgnach et al., 2006; Enjin et al., 
2017). Collectively, these findings strongly suggest that Renshaw cells do not mediate 
the production of locomotor-like activity. 
Additionally, motor neurons form synapses with other motor neurons during 
development in mouse (Bhumbra and Beato, 2018). However, logically, this synaptic 
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connection is highly unlikely to mediate the production of locomotor-like activity because 
it offers no connection from the motor neuron population to CPG interneurons. 
As a whole, these observations suggest that motor neurons may synapse with a 
set of yet unknown excitatory interneurons via their central collaterals, through which 
motor neurons may play an active role in the generation of locomotor activity in the mouse 
spinal cord. To this end, a recent study provided evidence that motor neurons 
monosynaptically excite V3 interneurons (Chopek et al., 2018). This synaptic 
transmission from motor neurons was shown to be purely glutamatergic, unlike the mixed 
cholinergic/glutamatergic motor neuron synaptic activity onto Renshaw cells (Mentis et 
al., 2005; Nishimaru et al., 2005). Similarly, the recurrent excitation from motor neurons 
to other motor neurons is also purely glutamatergic (Bhumbra and Beato, 2018). Despite 
this finding, V3 interneurons are unlikely to completely account for the involvement of 
motor neurons in mammalian central pattern generation and to mediate the production of 
locomotor-like activity due to previous findings that silencing V3 interneurons perturbs the 
robustness but not the production of the locomotor rhythm (Zhang et al., 2008). 
Nonetheless, it is possible that V3 interneurons are partially involved in the mechanism 
through which motor neurons might provide excitatory drive to spinal cord interneurons. 
In summary, motor neurons are likely involved in regulating the locomotor CPG in 
mice through mechanisms involving glutamatergic synaptic transmission. Despite 
revealing some of the central spinal synaptic contacts that motor neurons form, the 
precise connectivity that enables motor neurons to play a role in rhythm generation 




1.9 Objectives and aims 
 In the following chapters, I will describe in detail experiments conducted as part of 
my thesis in order to further understand mechanisms involved in mammalian locomotor 
rhythm generation. These experiments began through studying motor neuron connectivity 
due to the recent evidence that motor neurons are likely involved in regulating the 
locomotor CPG. Some of my early experiments, as detailed in Chapter 3, hinted that 
ventral spinocerebellar tract (VSCT) neurons might receive direct monosynaptic 
connections from motor neurons. Therefore, my thesis work was designed to test the 
hypothesis that VSCT neurons receive motor neuron axon collaterals and are key 
mediators of locomotor activity. 
 Spinocerebellar tract neurons can be broadly differentiated into dorsal 
spinocerebellar tract neurons and ventral spinocerebellar tract neurons (Stecina et al., 
2013). These categories can be further subdivided into specific subtypes based upon the 
anatomical location of their soma, the type of sensory input they receive, and their 
termination site in the cerebellum (Stecina et al., 2013; Jankowska and Hammar, 2013). 
VSCT neurons were first described by Sherrington in transected spinal cord in 
monkey and cats with chromatolysis as a means of tracing (Cooper and Sherrington, 
1940). Chromatolysis is the dissolution of Nissl bodies in the cell body of a neuron 
following neuronal injury and can be easily visualized with light microscopy. Using a 
variety of anterograde and retrograde tracers, Xu and Grant have conducted a series of 
anatomical studies on VSCT neurons. VSCT neurons have large cell bodies and are 
multipolar. They are located in several areas of the ventral horn, most notably in lamina 
IX of Rexed (Rexed, 1954; Grant et al., 1982), found around or within the motor neuron 
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nucleus. These neurons, in particular, have been called the “spinal border” cells as they 
are typically located on the border of the grey and white matter of the spinal cord (Cooper 
and Sherrington, 1940; Sprague, 1953). 
There was no function ascribed to VSCT neurons until Lundberg proposed that 
they supply the cerebellum with an “efferent copy” of information within spinal motor 
networks (Lundberg, 1971; Arshavsky and Orlovskii, 1981). Specifically, he hypothesized 
that VSCT neurons convey information on the effectiveness of transmission in inhibitory 
interneuron network pathways to motor neurons and possibly also about excitatory and 
inhibitory effects converging on motor neurons. This hypothesis was primarily based upon 
anatomical evidence coupled with some electrophysiological evidence. At the time, 
manipulation experiments on VSCT neurons were not feasible.  
In a series of experiments performed by Lindstrom and colleagues, it was 
demonstrated that VSCT neurons receive input from the same group Ia inhibitory 
interneurons which terminate on alpha motor neurons and also receive recurrent inhibition 
from Renshaw cells (as do motor neurons) (Gustafsson and Lindstrom, 1973; Lindstrom 
and Schomburg, 1973). These findings were used to support the “efferent copy” 
hypothesis of Lundberg. VSCT neurons also receive inputs from descending pathways 
carrying information regarding centrally initiated movements (Jankowska et al., 2011a, 
Jankowska et al., 2011b). In particular, VSCT neurons receive monosynaptic excitation 
from reticulospinal neurons, which are heavily influenced by the pyramidal tract and the 
mesencephalic locomotor region, as well as monosynaptic excitation from rubrospinal 
neurons. Interestingly, these inputs suggest that VSCT neurons monitor descending 
commands for centrally initiated movement and combine these commands with 
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information from spinal reflex pathways (Gustafsson and Lindstrom, 1973; Lindstrom and 
Schomburg, 1973; Hammar et al., 2011). These findings have led to a slight modification 
of Lundberg’s “efferent copy” hypothesis in that VSCT neurons might provide the 
cerebellum with feedback information regarding the likely outcome of descending 
commands (Fig. 1.9). 
A series of studies by Arshavsky and colleagues on fictive locomotion and fictive 
scratch in cats were used to provide further support for Lundberg’s “efferent copy” 
hypothesis (Arshavsky et al., 1978). Fictive locomotion and scratch refers to the motor 
output as monitored by electroneurograms from hindlimb or forelimb nerves in 
decerebrate animals which are paralyzed by pharmacological blockade of the 
neuromuscular junction (typically with curare) (Orsal et al., 1988). The motor output in this 
condition closely resembles the motor output recorded during locomotion and scratch in 
vivo, but there is no muscle contraction or movement, and hence, no rhythmic sensory 
feedback. It was demonstrated that during both actual and fictive scratching, the 
discharge of VSCT neurons was rhythmically modulated (bursts of activity followed by 
quiescence) in relation to the scratch cycle, mostly active during the flexor phase of the 
cycle. Since the activity was similar in actual and fictive scratching, they concluded that 
rhythmical burst firing of VSCT neurons is determined mainly by central mechanisms and 
not by a rhythmical sensory input (Arshavsky et al., 1978). The firing pattern of VSCT 
neurons was similar in spinalized (complete spinal transection at the rostral border of the 
first cervical segment of the spinal cord) and thalamic (transection of the brain stem at the 
level of the optic chiasm) cats, leading to the conclusion that the rhythmical burst firing of 
VSCT neurons is determined mainly by central spinal mechanism and not by supraspinal 
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motor centers. Orsal and colleagues made similar observations during fictive locomotion 
in cats (Orsal et al., 1988). Specifically, they reported that VSCT neuron discharge is 
rhythmically modulated at the periodicity of the locomotor rhythm and that their discharge 
pattern can be complex and variable in relation with the complexity and variability of the 
efferent activity in various ipsilateral hindlimb muscle nerves. In summary, these 
experiments on fictive movement suggest that VSCT neurons carry information on active 
processes within the spinal cord, during locomotion and scratch. However, although they 
were used to support Lundberg’s “efferent copy” hypothesis, lacking a direct means of 
manipulating VSCT neuron activity, VSCT neurons’ functional role could not be 
definitively determined. 
One of the main limitations of the studies by Lindstrom and Arshavsky is that they 
only described inputs to VSCT neurons and did not take into account the output from 
VSCT neurons, assuming that VSCT neurons simply relay information to the cerebellum. 
VSCT neurons do send their main axon to the cerebellum, via the ventral funiculus to 
ascend contralaterally in the ventrolateral fasciculus (Xu and Grant, 1994). Most enter the 
cerebellum through the superior cerebellar peduncle (a minority enter through the inferior 
cerebellar peduncle). However, some ipsilaterally projecting cells have been described 
and it has been suggested that some may project bilaterally (Geborek et al., 2014). The 
main termination site of VSCT neurons within the cerebellum is the vermis and 
paravermis of the anterior lobe, although a minority project into the posterior lobe, in 
particular the paramedian lobule (Xu and Grant, 2005). Importantly, VSCT neurons also 
exhibit spinal axon collaterals, implying that VSCT neurons have the possibility to 
influence spinal cord processing. A subset of VSCT neurons form complex local axonal 
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arbors in the cat spinal cord, projecting mostly, but not solely, to the contralateral side, 
branching within lamina VII and VIII (Fig. 1.10) (Bras et al. 1988). In this study, some axon 
collaterals were found to project at short distances from the cell bodies. Although there is 
currently no published unequivocal evidence for the identity of the neurotransmitter 
released by VSCT neurons, through indirect evidence they are believed to be excitatory 
and glutamatergic, utilizing VGlut2 (Atkinson et al., 2004).  
In sum, VSCT neuron function is believed to be primarily on informing the 
cerebellum about ongoing or expected motor activity. However, this function has not been 
experimentally tested due to a lack of experimental tools to manipulate VSCT neuron 
activity. Furthermore, the possible presence of spinal axon collaterals from VSCT neurons 
hints that they might have a functional role in spinal circuitry. To date, there are no known 
genetic markers for VSCT neurons. 
 
Outstanding questions on the function of VSCT neurons in mouse: 
1. Do VSCT neurons receive monosynaptic connections from motor neurons? 
a. If so, what is the neurotransmitter used by motor neurons at their axon 
collateral synapses onto VSCT neurons? 
2. Do VSCT neurons exhibit action potentials in response to motor neuron activation?  
3. Do VSCT neurons receive input from proprioceptive primary afferents? 
4. What is the firing pattern of VSCT neurons upon induction of locomotor-like 
activity?  
5. Do VSCT neurons exhibit intrinsic rhythmogenic properties? 
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6. If VSCT neurons are silenced, is the induction of locomotor-like activity following 
motor neuron axon stimulation perturbed? Following sensory stimulation? 
Following application of the pharmacological cocktail of drugs consisting of NMDA, 
serotonin, and dopamine? 
7. What is the effect of VSCT neuron activation on motor output? 
8. Do VSCT neurons express any of the transcription factors previously suggested to 
be involved in rhythm generation? 
9. Do VSCT neurons have spinal axon collaterals? 
a. If so, what is the segmental organization of their axon collaterals? 
10.  What is the neurotransmitter used by VSCT neurons? 
11.  Can VSCT neuron activation synaptically activate motor neurons? 
 
Experiments in my thesis were designed to address these questions and the 
hypothesis that VSCT neurons are key mediators of locomotor activity. The results are 
presented in four chapters which are summarized below. 
 
Chapter 3: Motor neurons provide monosynaptic input to ventral spinocerebellar tract 
neurons. Using the ex vivo neonate mouse spinal cord preparation, I unbiasedly 
examined for possible interneurons that might be active following motor neuron 
stimulation with two-photon calcium imaging. Comparison of the results with a literature 
review on spinal cord interneurons, led to VSCT neurons as a putative interneuron 
activated following motor neuron stimulation. Visually-targeted intracellular recording of 
VSCT neurons then established that VSCT neurons do receive monosynaptic input from 
motor neurons. Pharmacological investigation of the type of neurotransmission used at 
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this synapse led to the finding that motor neurons are connected to VSCT neurons 
through glutamatergic and cholinergic chemical synapses as well as through electrical 
synapses. A subset of VSCT neurons received monosynaptic input from primary 
afferents, whereas other VSCT neurons were excited via polysynaptic pathways following 
dorsal root stimulation. 
 
Chapter 4: Ventral spinocerebellar tract neurons exhibit rhythmogenic properties. 
Intracellular recording from VSCT neurons during the induction of locomotor-like activity 
revealed that VSCT neurons exhibit rhythmic activity. Physiological protocols additionally 
revealed that VSCT neurons have a pacemaker current. Pharmacological blockade of 
HCN (hyperpolarization-activated cyclic nucleotide-gated) channels along with 
physiological protocols revealed that the pacemaker current in neonate VSCT neurons is 
an Ih and not a persistent inward current. VSCT neurons also are electrically coupled to 
other VSCT neurons through gap junctions. 
 
Chapter 5: Ventral spinocerebellar tract neurons are necessary and sufficient for the 
production of locomotor-like behavior. In order to study the functional role for VSCT 
neurons with regards to locomotion, I discovered a viral method for gene delivery into 
VSCT neurons using Canine Adenovirus 2 (CAV2), which allowed for VSCT neuron 
activity manipulation in an acute and reversible manner. VSCT neuron activation was 
found to induce locomotor-like activity, which was dependent on gap junction 
communication and dependent on Ih. VSCT neuron silencing was found to abolish the 
production of locomotor-like activity following electrical stimulation of sensory fibers, 
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electrical stimulation of motor neurons, or application of the pharmacological cocktail of 
drugs consisting of NMDA, serotonin, and dopamine.  Additionally, 6.3 +/- 0.8% of VSCT 
neurons were found to express Shox2. Hb9 and Chx10 were virtually absent from VSCT 
neurons. 
 
Chapter 6: Ventral spinocerebellar tract neurons have descending spinal axon collaterals 
permitting the coordination of locomotor-like activity. Using two independent 
morphological methods, spinal axon collaterals of VSCT neurons were found. 
Interestingly, VSCT neurons in L1/L2 segments (containing predominately flexor motor 
neurons) were found to project to L5/L6 segments (containing predominately extensor 
motor neurons) using retrograde tracing. Additionally, VSCT neurons were found to be 
excitatory using glutamate as a neurotransmitter. They were found to be capable of 




Figure 1.1. Supraspinal centers involved in locomotion. BG: basal ganglia; Tha: thalamus; 
MCtx: motor cortex; MLR: mesencephalic locomotor region; CNf: cuneiform nucleus; 
PPN: pedunculopontine nucleus; RF: reticular formation; BSN: brainstem nuclei; VCtx: 






Figure 1.2. Spinal cord circuitry involved in generating locomotion. The central pattern 
generator (CPG) is a set of interneurons which provide rhythmic activation of motor 
neurons. Sensory stimulation, motor neuron stimulation, descending fiber stimulation, or 
application of NMDA, dopamine, and serotonin (5-HT) are the traditional methods to 
activate the CPG. 
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Figure 1.3. Spinal circuitry underlying left-right locomotor coordination in mice. The V0D 
spinal interneurons are responsible for alternation at slow speeds of locomotion, whereas 
the V0V spinal interneurons are responsible for alternation at faster speeds of locomotion. 
The V2a interneurons provide input to the V0V and possibly V0D population. V3 spinal 
interneurons may be responsible for synchronous left-right activation during bound. One 
side of the spinal cord is illustrated for simplicity, but this circuitry is bilaterally symmetric. 




Figure 1.4. Spinal circuitry underlying flexor-extensor locomotor coordination in mice. The 
V1 and V2b spinal interneurons are responsible for alternation between flexor motor 
neurons and extensor motor neurons. Each side of the spinal cord contains the same 





Figure 1.5. Spinal circuitry underlying the rhythm generating locomotor network in non-
mammalian species. A) In lamprey and tadpole, excitatory interneurons (red) provide 
rhythmic drive to motor neurons. Concurrently, they excite contralaterally-projecting 
inhibitory interneurons (blue) to inhibit contralateral motor neurons. B) In zebrafish, the 
rhythm generating neurons vary depending on the speed of locomotion and the age of 
the animal. The V0V analogue in zebrafish are the multipolar commissural descending 
type neurons and the V2a analogue are the circumferential ipsilateral descending 
neurons. The different groups of interneurons are recruited sequentially as locomotor 





Figure 1.6. Spinal circuitry underlying the rhythm generating locomotor network in mice.  
A core set of rhythm generating neurons include interneurons marked by the expression 
of Shox2, Hb9, and other unknown factors. This rhythm generating population provides 
excitatory drive to flexor-extensor circuitry and to left-right circuitry. Whether these 
neurons project contralaterally to locomotor circuitry on the opposite side of the spinal 
cord and whether they directly excite ipsilateral motor neurons is unknown (dotted lines 





Figure 1.7. Intrinsic cellular rhythmogenic properties. A). A plateau potential, involving a 
sustained burst of firing without continuous input, recorded in a cat motor neuron. (From 
Conway et al., 1988.) B) Spike frequency adaptation, involving an increase in the 
interspike interval over a train of induced action potentials, recorded in lamprey spinal 
neurons. (From El Manira et al., 1994.) C) Post-inhibitory rebound, involving 
depolarization and action potential induction (bottom trace; action potential truncated) 
following hyperpolarization, recorded in lamprey spinal neurons. (From Tegner et al., 
1997.) D) A pacemaker current, leading to slow depolarization and action potential 






Figure 1.8. Schematic illustrating the influence motor neurons might have on the spinal 
locomotor central pattern generator. Motor neurons send their axons out the ventral root 
to form nerves to synapse at muscle. Central axon collaterals from motor neurons use 
acetylcholine and an excitatory amino acid (EAA) to synapse onto Renshaw cells. 
Renshaw cells, in turn, form inhibitory synapses onto motor neurons, releasing 
GABA/Glycine. Additionally, motor neuron axon collaterals synapse onto other motor 
neurons and onto V3 spinal interneurons, in addition to other possible targets (denoted 




Figure 1.9. Schematic of the proposed neural circuit whereby ventral spinocerebellar tract 
(VSCT) neurons relay information to the cerebellum regarding the likely actions of 
descending motor commands from reticulospinal neurons onto motor neurons. The 
outcome of reticulospinal neuron input is varied as a function of the inhibitory spinal 
interneurons. The dotted line indicates how the information relayed by the VSCT neuron 
population might be used to adjust the descending commands. The motor neurons and 
inhibitory interneurons in this diagram represent undefined populations of these neurons 
on the same or the opposite side of the spinal cord. PT: pyramidal tract; MLR: 




Figure 1.10. Example of spinal axon collaterals from an adult cat VSCT neuron. A: 












2.1 Animals  
All surgical procedures were performed on postnatal mice in accordance with the 
National Institutes of Health Guidelines on the Care and Use of Animals and approved by 
the Columbia University animal care and use committee (IACUC). Animals of both sexes 
were used in this study. 
The original breeder pairs of C57BL6 mice (Jax Stock #000664), floxed-
Channelrhodopsin2 mice (Ai32; Jax Stock #024109), floxed-inhibitory DREADDs mice 
(Jax Stock #026219), and floxed-Archaerhodopsin-3 mice (Ai40D; Jax Stock #021188), 
used in this study were obtained from Jackson Laboratories.  
 
2.2 Genotyping 
Genotyping protocols were carried out using standard procedures as described in 
detail on the Jackson website (www.jax.org). In brief, at P0 (postnatal day 0) tail DNA was 
extracted from mice and lysed using lysis buffer (100mM Tris pH 8, 5mM EDTA, 0.2% 
SDS, 200mM NaCl, 100 µg/ml Proteinase K) for 45 minutes at 55°C. PCR primers used 
to genotype are described on the Jackson website (www.jax.org). A universal PCR 
reaction consisted of: 12.5 μl of GoTaq Hot Start Green Master Mix (Promega), 0.5 μl of 
each primer (25 μM; Sigma), and 4 μl of 1:20 diluted lysed tail DNA into a final volume of 
25 μl using ddH2O. For the floxed-Channelrhodopsin2 mice, the floxed-Archaerhodopsin-
3 mice, and the floxed-inhibitory DREADDs mice, the following PCR parameters were 
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used: 95°C for 2 mins, followed by 35 cycles of [95°C for 40 secs, 59°C for 30 secs, 72°C 
for 1 min], and 72°C for 5 mins.  
 
2.3 Immunohistochemistry  
Animals were transcardially perfused with 4% PFA, spinal cords dissected and 
post-fixed in 4% PFA at 4°C overnight. In some cases, the spinal cord was dissected 
without transcardial perfusion and then fixed in 4% PFA at 4°C overnight (this fixation is 
known as “immersion fixation”). Spinal cords were embedded in warm 5% agar and freely-
floating transverse sections of 75µm were cut on a vibratome. After 10 minutes in 0.01M 
PBS, sections were blocked with 10% normal donkey serum in 0.01M PBS with 0.3% 
Triton X-100 (PBS-T) at pH 7.4 for 90 minutes. For Chx10 staining, an antigen retrieval 
step was added prior to blocking with normal donkey serum by incubating in sodium 
citrate buffer (10mM Sodium Citrate, 0.05% Tween-20, pH 6) for 30 minutes at 85°C 
followed by 6 washes with room temperature 0.01M PBS quickly. After blocking, sections 
were then incubated overnight at room temperature with primary antibodies in the 
blocking solution. The following day (~12-18 hours of primary antibody incubation), 
sections were washed 6x with PBS-T for 10 minutes, followed by secondary antibody 
incubation for 3 hours at room temperature with the appropriate species-specific 
secondary antibody (Jackson ImmunoResearch Laboratories, Inc.) diluted at 1:250 in 
PBS-T. Sections were washed 6x with PBS for 10 minutes and then mounted on glass 
slides with 70% glycerol / 30% PBS.  
See Table 2.1 for details on primary antibodies used. To reveal neurons that were 
recorded from intracellularly and filled with Neurobiotin, Streptavidin-Cy3 (Sigma) was 
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used at a dilution of 1:100. Streptavidin was applied to the spinal cord sections and 
incubated overnight at room temperature along with any primary antibodies in the 
blocking solution. 
 
2.4 Confocal imaging 
 After mounting on glass slides, sections were imaged using either a SP5 or SP8 
Leica confocal microscope. Images were scanned with either a 20x air objective, 40x oil 
objective, or 63x oil objective, as experimentally required. “Cleared” spinal cords were 
scanned on a 20x objective with a large working distance of 2 millimeters (HCX APO L 
20x/1.0W Leica). All images were analyzed in either LASAF software (Leica) or ImageJ 
software. In some cases, the “despeckle” module in ImageJ was used to remove 
contamination from the confocal images offline. 
 
2.5 Spinal cord clearing  
 Spinal cord clearing was conducted using the PACT (passive clarity technique) 
method as described previously (Yang et al., 2014). Wild type mice were injected with 
Rabies-GFP utilizing the N2c construct into the cerebellum at P0. At P3-P13, mice were 
transcardially perfused with 4% PFA and post-fixed in 4% PFA overnight at 4°C. For 
stabilization of bio-macromolecules, the spinal cord was immersed in the hydrogel 
monomer solution A4P0 (4% acrylamide in 0.1 M PBS with 0.25% photoinitiator 2,20-
Azobis[2-(2-imidazolin-2-yl) propane]dihydrochloride (VA-044, Wako Chemicals USA)) 
for 2 days at 4°C on a shaker. The samples were then degassed with nitrogen for 5 mins 
using a customized degasser chamber. Samples were then incubated for 3 hours at 37°C 
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in a warm water bath in order to initiate tissue-hydrogel hybridization. To remove excess 
hydrogel, samples were washed via 6 brief PBS washes for 10 mins each. To extract 
tissue lipids, the samples were immersed in 4-8% SDS in 0.1M PBS (pH 7.5) and 
incubated at 37°C with shaking in a bacteria incubator (225rpm). Samples were incubated 
until the spinal cord tissue became transparent, 2-6 days depending on age of the animal 
and concentration of SDS. Once transparent, samples were rigorously washed in 0.1M 
PBS (pH 7.5) 6 times for 1-2 hours each.  
If no immunohistochemistry was performed on the sample, the sample was then 
incubated in RIMS (refractive index matching solution) imaging media (40 g HistodenzTM 
[Sigma-Aldrich # D2158] in 30mL of 0.02M phosphate buffer with 0.01% sodium azide; 
pH 7.5) for 24 hours. Tissue was then mounted in fresh RIMS on a glass slide using 
Secure-SealTM Hybridization Chambers (Electron Microscopy Sciences). 
If immunohistochemistry was performed, the sample was incubated with the 
primary antibody (anti-GFP, Chicken, Aves Lab, 1:500) in 0.1M PBS w/ 2% Normal 
Donkey Serum, 0.1% Triton X-100, and 0.01% Sodium Azide at room temperature with 
shaking for 7 days, exchanging the antibody solution every other day. Samples were 
washed in 0.1M PBS 6 times for 1-2 hours each. The sample was then incubated with the 
secondary antibody (Alexa-488, donkey anti-chicken, Invitrogen, 1:250) in 0.1M PBS w/ 
2% Normal Donkey Serum, 0.1% Triton X-100, and 0.01% Sodium Azide at room 
temperature with shaking for 5 days, exchanging the antibody solution every other day. 
Samples were washed in 0.1M PBS 6 times for 1-2 hours each. Samples were then 




2.6 Intracellular recording and locomotor induction  
Many of the experimental protocols used in this study have been described 
previously (Fletcher et al., 2017; Mentis et al., 2011). VSCT neurons were retrogradely 
labeled in vivo by intracerebellar injection of cholera toxin B subunit (CTb) conjugated to 
Alexa-488, Alexa-555, or Alexa-647 (Invitrogen). Newborn P0 mice were anesthetized by 
isoflurane inhalation (5% for induction; 2-3% for maintenance). A small incision and 
craniotomy over the cerebellum was made to inject ~200-600nl of 0.5-1% fluorescently-
conjugated CTb in PBS using a finely-pulled glass microelectrode (P-1000 puller [Sutter 
Instruments]). The CTb was delivered by pressure through an adapted micro-syringe. The 
skin incision was closed with sutures. Upon dissection at P3-P5, the injection was 
determined to be accurate by visualization of fluorescence in the cerebellum under a 
fluorescence microscope (Leica) without spread to other brain tissue. 
At P3-P5, for recordings, the animals were decapitated, the spinal cords dissected 
and removed under cold (~10°C) artificial cerebrospinal fluid (aCSF) containing (in mM): 
128.35 NaCl, 4 KCl, 0.58 NaH2PO4.H2O, 21 NaHCO3, 30 D-Glucose, 1.5 CaCl2.H2O, 
and 1 MgSO4.7H2O. The spinal cord was then transferred to a customized recording 
chamber placed under the objective of an epifluorescent (Leica DM6000FS), confocal 
(Leica SP5) 2-photon laser microscope (MaiTai DeepSee, Spectral Physics). This 
microscope was inverted, allowing for the objective to be lowered towards the spinal cord.  
The intact ex vivo spinal cord preparation was perfused continuously with 
oxygenated (95% O2 / 5% CO2) aCSF (~10 ml/min). The physiological solution was kept 
at room temperature, ranging between 21-25°C. The ventral root of the L1 or L2 and L5 
spinal segments bilaterally were placed into suction electrodes for recording, in order to 
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assay for locomotor activity. The L1 or L2 ipsilateral ventral root was stimulated to test for 
responses in VSCT neurons (0.2ms, 40-100µA, 0.1-10Hz) (A365, current stimulus 
isolator, WPI, Sarasota, FL). The L1 or L2 ipsilateral dorsal root was also placed into a 
suction electrode for stimulation to test for responses in VSCT neurons, representing 
sensory input onto VSCT neurons (0.2ms, 1.2-3x Threshold, 0.1-10Hz). Threshold 
stimulation was determined by the minimum intensity needed in order to evoke a clear 
response in 3 out of 5 consecutive trials at 0.1Hz. Additionally, the L5 dorsal root or S3 
dorsal root ganglia was placed into a suction electrode for stimulation to induce locomotor 
activity (10s, 4Hz, 0.2ms, 1.2-3x Threshold). All potentials were recorded in either DC or 
AC (0.1 Hz filter) (Cyberamp, Molecular Devices). In some experiments, locomotor-like 
activity was induced through bath application of the pharmacological cocktail of drugs 
consisting of NMDA (5µM; Tocris), serotonin (10µM; Tocris), and dopamine (50µM; 
Tocris) (Whelan et al., 2000; Kjaerulff and Kiehn, 1996; Mentis et al., 2005; Marchetti et 
al., 2001). Recordings were fed to an A/D interface (Digidata 1440A, Molecular Devices) 
and acquired with Clampex (v10.2, Molecular Devices) at a sampling rate of 10-20 kHz. 
Data were analyzed offline using Clampfit (v10.2, Molecular Devices). 
Whole-cell recordings were obtained with patch electrodes advanced through the 
lateral or ventral aspect of the spinal cord under visual guidance using 2-photon 
microscopy to visualize individual VSCT neurons. Patch electrodes were pulled from thin-
walled borosilicate glass capillary with filament (Sutter Instruments) using a P-1000 puller 
(Sutter Instruments) to resistances between 5–16 MΩ. The electrodes were filled with 
intracellular solution containing (in mM): 10 NaCl, 130 K-Gluconate, 10 HEPES, 11 
EGTA, 1 MgCl2, 0.1 CaCl2 and 1 Na2ATP, 0.1 Alexa-555 or Alexa-488 hydrazide (Life 
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Technologies), and 0.5 mg/ml Neurobiotin (Vector Labs). pH was adjusted to 7.2–7.3 with 
KOH. The final osmolarity of the intracellular solution was 295–305 mOsm. Bridge 
balance was applied to all recordings. The liquid junction potential was calculated as −2 
mV but was not corrected in any of the recordings. The identity of the recorded neuron 
as a VSCT neuron was confirmed during the experiment by evoking an antidromic action 
potential by stimulation of the cerebellum through a concentric electrode applied just 
under the surface of the vermis of the cerebellum (0.2-0.5 ms, 1.2-3x Threshold). 
Threshold was determined by the minimum intensity needed in order to evoke a response 
in 3 out of 5 consecutive trials at 0.1Hz. The identity of the recorded neuron as a VSCT 
neuron was further confirmed during the experiment by co-localization of the 
fluorochrome in the intracellular solution (Alexa-555 or Alexa-488) with the fluorochrome 
conjugated to CTb (Alexa-488, Alexa-555, or Alexa-647) 
VSCT neurons were accepted for further analysis only if the following criteria were 
met: (i) stable resting membrane potential of −45 mV or more negative (ii) an overshooting 
action potential and (iii) at least 20 mins of recording. For passive membrane property 
measurements, VSCT neurons were injected with steps of negative and positive currents 
for 150-250 ms in 5-10 pA steps while held at −60 mV membrane potential. The input 
resistance (MΩ) was calculated from the slope of the current/voltage plot within the linear 
range. Membrane time constants (ms) were calculated as the time after negative current 
injection at which 63% of the maximal negative amplitude achieved during the application 
of the current pulse was reached. Rheobase (pA) was determined as the positive current 
at which the first action potential was elicited. Resting membrane potential was 
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determined as the stable membrane potential recorded within the first few minutes after 
breaking in to the neuron. 
Afterhyperpolarization (AHP) amplitude and duration of VSCT neurons was 
measured in the action potential of the first step of the F/I (frequency/current) plot at which 
an action potential was elicited. The F/I (frequency/current) plot was conducted with 
positive current injections for 1s in 5-10 pA steps at -60 mV membrane potential. AHP 
amplitude was measured as the difference between the membrane potential at which the 
action potential was elicited and the most negative potential reached following the action 
potential. AHP duration was measured from the time at which the voltage became more 
negative than the membrane potential prior to action potential induction to the time at 
which the voltage plateaued to the starting membrane potential prior to the induction of 
the action potential.  
Persistent inward currents were examined using the ramp test (Kuo et al., 2004; 
Kuo et al., 2005). A 20s slowly increasing current (5-10 pA/s) was injected into the VSCT 
until action potentials were elicited, followed by a 20s slowly decreasing current (5-10 
pA/s). The current at which the first action potential was elicited (Ion) was compared to the 
current at which the last action potential was elicited (Ioff). Additionally, the instantaneous 
frequency (1/interspike interval) was calculated for both the upward and downward ramp. 
Ih current was tested in recorded VSCT neurons by negative current injection with 
examination of the resulting voltage trace for the characteristic sag and post-inhibitory 
rebound. Sag was calculated as the absolute value of the difference between the most 
negative voltage reached during negative current injection and the stable plateau voltage 
potential. Post-inhibitory rebound was calculated as the difference between the least 
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negative voltage reached immediately after negative current injection and the voltage 
prior to current injection. Time-dependency of the sag and post-inhibitory rebound was 
tested by injecting a set negative current (-200 to -500 pA) over different durations 
(ranging from 500ms to 5s with steps of 250ms to 500ms). Traces were examined for 
increased sag and post-inhibitory rebound with longer negative current injections. 
Voltage-dependency of the sag and post-inhibitory rebound was likewise tested by 
injecting a varying negative current (ranging from -50 to -600 pA with steps of 50pA) over 
a set length of time (1s to 2s). Traces were examined for increased sag and post-inhibitory 
rebound with larger negative current injections which resulted in increased voltage 
changes in the neuron. ZD7288, an HCN channel antagonist, was used at a concentration 
of 100µM and acquired from Tocris. 
Synaptic potentials were recorded from individual VSCT neurons (DC - 3 kHz, 
Multiclamp 700B, Molecular Devices) in response to a brief (0.2 ms) stimulation (A365, 
current stimulus isolator, WPI, Sarasota, FL) of the ipsilateral homosegmental ventral root 
(L1 or L2). The holding potential of the VSCT was varied from -80 to -40 mV to test for 
the voltage-dependency of the synaptic response.  
The jitter test was used to test for monosynaptic connections from motor neurons 
to VSCT neurons as well as from proprioceptive neurons to VSCT neurons (Shneider et 
al., 2009; Mendelsohn et al., 2015). Recordings contaminated by spontaneous synaptic 
events were discarded. The jitter test was conducted by analyzing the coefficient of 
variation at differing frequencies of stimulation of the ventral root or dorsal root (0.1, 1, 5, 
and 10 Hz). As previously published, if the coefficient of variation was low (less than 0.2) 
and did not change over increasing stimulation frequency, the synaptic connection was 
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determined to be monosynaptic. Conversely, if the coefficient of variation was high and 
increased over increasing stimulation frequency, the synaptic connection was determined 
to be di- or poly- synaptic.  
Pharmacological agents to block receptor activity (antagonists) were used to study 
the components of the ventral root stimulation-mediated response in VSCT neurons. 
Drugs were applied sequentially through bath application into the circulating aCSF. Drugs 
were allowed to perfuse into the spinal cord for at least 15mins or longer before the 
stimulation was retested in order to ensure maximum effect of the pharmacological 
agent(s) on the VSCT response. Mecamylamine, a nicotinic receptor antagonist, was 
used at a concentration of 50µM and acquired from Tocris. Atropine, a muscarinic 
receptor antagonist, was used at a concentration of 5µM and acquired from Tocris. 
NBQX, an AMPA receptor antagonist, was used at a concentration of 20µM and acquired 
from Tocris. APV, a NMDA receptor antagonist, was used at a concentration of 100µM 
and acquired from Tocris. Finally, carbenoxolone, a gap junction blocker, was used at a 
concentration of 100µM and also acquired from Tocris.  
At the end of the recording session, the electrode was removed from the spinal 
cord, but kept in the bath to measure any DC offset that might have occurred over the 
course of the recording. DC offset varied from -2mV to +1mV and due its low amplitude 
was not corrected in any recording. 
The spinal cord was fixed in 4% PFA overnight and subsequently transferred to 
PBS and processed for immunohistochemistry to reveal the recorded VSCT with the 




2.7 Locomotor-like activity analysis for rhythmic activity in VSCT neurons 
Quantification of the rhythmic activity in VSCT neurons was performed using 
circular plots and circular statistics (Kjaerulff and Kiehn, 1996; Tresch and Kiehn, 1999; 
Butt et al., 2002; Dougherty and Kiehn, 2010). Locomotor cycle length was defined as the 
time between two consecutive flexor burst onsets (corresponding to 0 or 0°, for the first, 
and 1 or 360°, for the second, on a circular scale), for the spinal cord side ipsilateral to 
the recorded VSCT neuron. The end of the flexor burst, and onset of the extensor burst, 
was defined as half the locomotor cycle (corresponding to 0.5 or 180° on a circular scale). 
Flexor bursts were defined as bursting in the L1 or L2 segment motor neurons, whereas 
extensor bursts were defined as bursting in the L5 segment motor neurons. 
For VSCT neurons which fired action potentials during locomotor-like activity, the 
first action potential elicited during each burst of firing was analyzed. The timing of 
induction of this action potential was determined relative to the phase of the locomotor 
cycle. In other words, the delay in the onset of firing of the VSCT neuron compared to the 
onset of the flexor burst, normalized to the length of the locomotor cycle, was calculated. 
For each VSCT neuron, the timing of the onset of action potential firing was plotted in a 
circular plot corresponding to the locomotor cycle. The mean timing of the first action 
potential was then calculated and plotted as a vector in the circular plot for each VSCT 
neuron (Zar, 1974). In this manner, the length of the mean vector reflects how 
concentrated the values are around the mean vector, in other words, how rhythmic that 
VSCT neuron is with regards to first action potential onset. Using the Rayleigh Test, the 
statistical significance of the clustering of values around the mean vector was computed, 
reflecting whether that individual VSCT neuron fired in a rhythmic fashion. Neurons which 
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fired in phase with the ipsilateral homosegmental motor neurons had a phase value 
ranging from 0 to 0.5. On the other hand, if the neuron fired in phase with the contralateral 
motor neurons, the phase value ranged from 0.5 to 1. All recorded VSCT neurons which 
fired action potentials during locomotor-like activity had statistically significant rhythmic 
firing and were therefore included in further grouped analysis. The mean vector value, 
length of mean vector, and p value for each of the 6 VSCT neurons were: 61 +/- 15°, 0.91, 
p < 0.01; 77 +/- 14°, 0.71, p < 0.001; 44 +/- 8°, 0.81, p < 0.001; 82 +/- 13°, 0.91, p < 0.01; 
148 +/- 9°, 0.73, p < 0.001; 74 +/- 2°, 1, p < 0.001. To determine if the combined population 
of action potential VSCT neurons exhibited rhythmic activity, the mean vector value from 
each of the individual VSCT neurons was plotted in a circular plot corresponding to the 
locomotor cycle. The mean timing of the first action potential for the population was then 
calculated and plotted as a vector in the circular plot and the Rayleigh Test was conducted 
to test for statistical significance (Zar, 1974). 
For the rest of the VSCT neurons, which all exhibited subthreshold activity during 
locomotor-like activity, a similar circular analysis was conducted, with slight modifications. 
In this case, onset of the subthreshold activity was determined as the time at which the 
voltage trace from the intracellular recording depolarized above noise levels. Noise levels 
were calculated as falling within two standard deviations of the peak-to-peak noise over 
100 milliseconds prior to onset of the subthreshold activity. The onset of the subthreshold 
activity within each burst during locomotor-like activity was plotted in a circular plot 
corresponding to the locomotor cycle. The Rayleigh Test was conducted to determine the 
phase relationship of the rhythmic activity to the locomotor cycle and whether the activity 
was statistically significant. Again, neurons with activity in phase with the ipsilateral 
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homosegmental motor neurons had a phase value ranging from 0 to 0.5. All recorded 
VSCT neurons which exhibited subthreshold activity during locomotor-like activity had 
statistically significant rhythmic activity and were therefore included in further grouped 
analysis. The mean vector value, length of mean vector, and p value for each of these 6 
VSCT neurons were: 45 +/- 9°, 0.95, p < 0.001; 71 +/- 20°, 0.59, p < 0.05; 108 +/- 9°, 
0.92, p < 0.001; 96 +/- 13°, 0.73, p < 0.001; 57 +/- 13°, 0.78, p < 0.001; 42 +/- 5°, 0.93, p 
< 0.001. The population of subthreshold VSCT neurons was then plotted in a circular plot, 
and the mean timing of the onset of subthreshold activity was calculated, plotted as a 
vector, and the Rayleigh Test was conducted (Zar, 1974). 
 
2.8 Viral gene delivery to VSCT neurons 
 To deliver genes virally to VSCT neurons, the following viruses were used to study 
their specificity and sensitivity to transduce VSCT neurons:  
• CAV2-CMV-GFP. CAV2 = Canine Adenovirus 2. Titer = 1.3 x 1013 pp/ml. 
Approximately 1.0 x 1010 viral particles were injected per animal. The CAV2 viral 
vector was obtained from the Plateforme de Vectorologie de Montpellier 
(https://www.pvm.cnrs.fr/plateau-igmm/). 
• CAV2-CMV-CRE. CAV2 = Canine Adenovirus 2. Titer = 1.4 x 1013 pp/ml. 
Approximately 1.0 x 1010 viral particles were injected per animal. The CAV2 viral 
vector was obtained from the Plateforme de Vectorologie de Montpellier 
(https://www.pvm.cnrs.fr/plateau-igmm/). 
• CAV2-CMV-CREGFP. CAV2 = Canine Adenovirus 2. Titer = 1.3 x 1013 pp/ml. 
Approximately 1.0 x 1010 viral particles were injected per animal. The CAV2 viral 
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vector was obtained from the Plateforme de Vectorologie de Montpellier 
(https://www.pvm.cnrs.fr/plateau-igmm/). 
• Rabies SAD-B19 glycoprotein-deficient GFP. Titer = ~1.0-3.0 x 109 pp/ml. 
Approximately 1.0 x 106 viral particles were injected per animal. The Rabies SAD-
B19 virus was obtained as a kind gift from the laboratory of Dr. Andrew Murray 
(Sainsbury Wellcome Centre for Neural Circuits and Behaviour, UK). 
• Rabies CVS-N2c glycoprotein-deficient GFP and Rabies CVS-N2c glycoprotein-
deficient DSred. Titer = ~4.0-7.0 x 107 pp/ml. Approximately 8.0 x 104 viral particles 
were injected per animal. The Rabies CVS-N2c virus was obtained as a kind gift 
from the laboratory of Dr. Andrew Murray (Sainsbury Wellcome Centre for Neural 
Circuits and Behaviour, UK). 
• AAV1-CMV-GFP and AAV1-CMV-TdT. Two different AAV1 constructs were 
tested. The first was obtained from Virovek (http://www.virovek.com), drove GFP 
expression and had a titer of 2.07 x 1013 pp/ml and approximately 2.0 x 1010 viral 
particles were injected per animal. The second was obtained as a kind gift from 
the laboratory of Dr. Charles Zuker (Columbia University) and drove TdT 
(tdTomato) expression. 
• rAAV2-retro-CMV-GFP. Titer = 8.3 x 1013 pp/ml. Approximately 2.0 x 1010 viral 
particles were injected per animal. The rAAV2 viral vector was obtained as a kind 
gift from the laboratory of Dr. Thomas Jessell. 
• AAV5-CMV-GFP. Titer = 2.06 x 1013 pp/ml. Approximately 2.0 x 1010 viral particles 




• AAV6-CMV-GFP. Titer = 2.06 x 1013 pp/ml. Approximately 2.0 x 1010 viral particles 
were injected per animal. The AAV5 viral vector was obtained from Virovek 
(http://www.virovek.com). 
• AAV9-CMV-GFP. Two different AAV9 constructs were tested. The first was 
obtained from Virovek (http://www.virovek.com) with a titer of 1.0 x 1014 pp/ml and 
approximately 3.0 x 1010 viral particles were injected per animal. The second was 
a kind gift from the laboratory Dr. Joseph Rabinowitz (Temple University) with a 
titer of 2.3 x 1012 pp/ml and approximately 5.0 x 109 viral particles were injected 
per animal. 
• AAV10-CMV-GFP. Titer = 1.1 x 1013 pp/ml. Approximately 1.0 x 1010 viral particles 
were injected per animal. The AAV10 viral vector was a kind gift from the laboratory 
Dr. Joseph Rabinowitz (Temple University). 
• AAVdj-CMV-hrGFP. Titer = 1.1 x 1014 pp/ml. Approximately 3.0 x 1010 viral particles 
were injected per animal. The AAVdj viral vector was obtained from the Gene 
Vector and Virus Core at Stanford University. 
• Lentivirus CMV-GFP. The lentivirus viral vector was a kind gift from the laboratory 
Dr. Livio Pellizzoni (Columbia University). 
 For each virus, wild type mice were injected intracerebellar at P0 with a 50/50 
mixture (volume-wise) of the virus with 1% CTb-Alexa 555 or Alexa 488, as appropriate. 
At P3-P14, the mouse was transcardially perfused with 4% PFA and the spinal cord 
dissected and post-fixed in 4% PFA at 4°C overnight. For CAV2-GFP, the virus was 
additionally tested at P21. For lentivirus experiments, the virus was tested at P14-P21 to 
allow for GFP expression. All mice which were determined to have a poor injection as 
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determined by cerebellum fluorescence from the CTb under an epiflourescent microscope 
were not used for experiments and further analysis. Immunohistochemistry and confocal 
microscopy then revealed the extent of VSCT labeling by the virus. Analysis of the extent 
of VSCT labeling consisted of comparing the number of VSCT neurons transduced by the 
virus with the number of VSCT neurons labeled by CTb using Leica LASAF software. 
 
2.9 Optogenetic and chemogenetic manipulation 
 Optogenetic and chemogenetic manipulation experiments were carried out in 
either floxed-Channelrhodopsin2 mice, floxed-inhibitory DREADDs mice, or floxed-
Archaerhodopsin-3 mice, as appropriate. All mice were homozygotes for the inserted 
transgene. P0 mice were injected intracerebellar with the CAV2-Cre or CAV2-CreGFP 
viral vector along with fluorescently-labeled CTb, as described above. At P3-P6 
(experimental day), the spinal cord was dissected and the ex vivo neonate spinal cord 
preparation was transferred to the recording chamber as above. All mice which were 
determined to have a poor injection as determined by cerebellum fluorescence from the 
CTb under an epiflourescent microscope were not used for experiments. The ventral root 
of the L1 or L2 and L5 spinal segments bilaterally were placed into suction electrodes, 
along with the L5 dorsal root or S3 dorsal root ganglia as above.  
 For activation experiments utilizing Channelrhodopsin2, 470nm light was delivered 
via a LED (CoolLED; pE-100) placed over the L1 and L2 segments bilaterally on the 
ventral surface of the spinal cord. For control experiments, dorsal illumination was used 
over the L1 and L2 segments bilaterally. LED power was 53-106mW. Light was typically 
delivered with continuous illumination for 20s, although occasionally pulses of light for 
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100ms at 5Hz or 50ms at 10Hz for 20s were used. Light was delivered via a customized 
patch cable built by Thorlabs, Inc. Recording commenced with 1-10 seconds pre-light to 
establish a baseline, followed by light activation. Each preparation was tested for a 
minimum of three trials. All potentials were recorded in either DC or AC (0.1 Hz filter) 
(Cyberamp, Molecular Devices). For better Channelrhodopsin2 activation, all 
experiments were conducted in the presence of 1-3 µM all trans-Retinal (Sigma-Aldrich) 
in the aCSF. Pharmacological antagonism was used to test for the necessity of the h-
current and of gap junction communication in the production of locomotor-like activity 
following VSCT neuron photoactivation. Drugs were bath applied into the circulating 
aCSF and allowed to perfuse into the spinal cord for at least 15mins or more before 
studying the effect of the drug on the production of locomotor-like activity following VSCT 
neuron photoactivation. ZD7288, an HCN channel antagonist, was used at a 
concentration of 100µM and acquired from Tocris. Carbenoxolone, a gap junction 
antagonist, was used at a concentration of 100µM and also acquired from Tocris.  
 For Channelrhodopsin2 experiments studying if VSCT neurons can synaptically 
activate motor neurons, Channelrhodopsin2 was introduced into VSCT neurons in the 
same fashion. 470nm 53-106mW light was delivered via a LED (CoolLED; pE-100) placed 
over the L1 and L2 segments bilaterally on the ventral surface of the spinal cord. Light 
was delivered for 50-100 ms at 0.1 Hz for 50-1000 trials per experiment. All potentials 
were recorded in either DC or AC (0.1 Hz filter) (Cyberamp, Molecular Devices). Analysis 
was conducted offline on Clampfit (v10.2, Molecular Devices). For each experiment, all 
trials were averaged in order to improve the signal-to-noise ratio. Due to the light delivery, 
there was a large artifact observed in all ventral root recordings. To minimize the artifact, 
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the electrode wires on the suction electrodes were removed as far as possible from the 
spinal cord and the light delivery, while remaining submerged in the bath. Nevertheless, 
it was impossible to completely remove the light-induced artifact in the ventral root 
recordings. Therefore, filtering was applied post-hoc in order to remove the effects of the 
artifact and reveal the motor neuron response. Although the exact parameters of the 
filtering varied by experiment as needed, typically the following was used: low-pass 
Gaussian filter with an 80 Hz cutoff. Of note, the filtering greatly affected the amplitude of 
the response, and therefore the amplitude of the filtered response was not analyzed and 
is not reported, rather the presence or absence of a response was used as the outcome 
measure. 
For inhibition experiments utilizing inhibitory DREADDs, locomotor activity was 
induced via electrical stimulation of the L5 dorsal root, S3 dorsal root ganglion, or L5 
ventral root (10s, 4Hz, 0.2ms, 1.2-3x Threshold). Threshold was determined by the 
minimum intensity needed in order to evoke a response in 3 out of 5 consecutive trials at 
0.1Hz. For control experiments, CAV2-GFP was injected at P0 into the cerebellum 
instead of CAV2-Cre or CAV2-CreGFP. Any preparation in which locomotor activity was 
unable to be induced was discarded. After successful induction of locomotion, CNO 10μm 
(Tocris) was bath applied in the aCSF and allowed to circulate for 15-30 minutes to allow 
it to diffuse into the spinal cord. Locomotor activity was then attempted to be induced 
through electrical stimulation of the L5 dorsal root, S3 dorsal root ganglion, or L5 ventral 
root. CNO was washed out using fresh aCSF and following 30+ minutes of washout, 
locomotor activity was induced again as previously. Each condition (pre-drug, CNO, 
washout) was tested for a minimum of three trials. Analysis consisted of quantifying the 
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number of locomotor cycles in each trace under each condition offline on Clampfit (v10.2, 
Molecular Devices). 
For inhibition experiments utilizing Archaerhodopsin-3, locomotor activity was 
induced via electrical stimulation of the S3 dorsal root ganglion (10s, 4Hz, 0.2ms, 1.2-3x 
Threshold). Any preparation in which locomotor activity was unable to be induced was 
discarded. After successful induction of locomotion, 585nm light was delivered via a LED 
(CoolLED; pE-100) placed over the L1 and L2 segments bilaterally on the ventral surface 
of the spinal cord as locomotor activity was attempted to be induced through electrical S3 
dorsal root ganglion stimulation. LED power was 47mW. For better Archaerhodopsin-3 
activation, all experiments were conducted in the presence of 1-3 µM all trans-Retinal 
(Sigma-Aldrich) in the aCSF. After Archaerhodopsin-3 light stimulation, locomotor activity 
was induced again without light stimulation. Each condition (pre-light, light, and post-light) 
was tested for a minimum of three trials. As with the inhibitory DREADDs experiments, 
analysis consisted of quantifying the number of locomotor cycles in each trace under each 
condition offline on Clampfit (v10.2, Molecular Devices). 
 
2.10 Two-photon calcium imaging 
 At P4, the spinal cord of wild type mice was dissected and the ex vivo neonate 
spinal cord preparation was transferred to the recording chamber as described above. 
Neurons were indiscriminately labeled with Calcium Green 1-AM by electroporation 
(Bonnot et al., 2005). The lateral side of the lumbar spinal cord was imaged continuously 
under two-photon microscopy, while the L5 ventral root was stimulated (10s, 4Hz, 0.2ms, 
1.2-3x Threshold). Threshold was determined by the minimum intensity needed in order 
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to evoke a response in 3 out of 5 consecutive trials at 0.1Hz. Analysis of the fluorescent 
signal was conducted in Leica LASAF using the region of interest (ROI) function focused 
around motor neurons and interneurons. 
 
2.11 Somatodendritic labeling of motor neurons through retrograde labeling 
Experimental protocols used in this study have been described before (Mentis et 
al., 2011; Fletcher et al., 2017). After dissection and intracellular recording, the spinal 
cord was transferred back to the dissection chamber and the L1 or L2 ventral root was 
placed inside a suction electrode and backfilled with a Cascade Blue-Dextran (Invitrogen) 
to label the motor neurons. The spinal cord was perfused with cold (~10°C), oxygenated 
(95% O2, 5% CO2) aCSF (containing in mM: 128.35 NaCl, 4 KCl, 0.58 NaH2PO4.H2O, 21 
NaHCO3, 30 D-Glucose, 0.1 CaCl2.H2O, and 2 MgSO4.7H2O). After 12 – 20 hours, the 
cord was immersion-fixed in 4% PFA and washed in 0.01M PBS. Sections were 
subsequently processed for immunohistochemistry. 
 
2.12 Dual retrograde tracing experiments to study descending VSCT axon 
collaterals 
 In wild type mice, 0.5-1% CTb-Alexa 488 was injected into the cerebellum 
concurrently with 0.5-1% CTb-Alexa 555 into the L4-L6 lumbar spinal segments at P0-
P1. At P6-P7, the mice were transcardially perfused with 4% PFA and the spinal cords 
dissected and post-fixed in 4% PFA at 4°C overnight. Immunohistochemistry and confocal 
microscopy was then conducted on the L1-L3 lumbar spinal segments to examine for 




2.13 In Situ Hybridization 
In situ hybridization protocols were carried out as we recently reported (Simon et 
al., 2017). CTb was injected into the cerebellum at P0 as previously described and the 
spinal cord dissected at P4. Fresh spinal cord tissue (L1 and L2 segments) was 
cryopreserved in sterile 30% sucrose overnight and flash frozen in OCT on dry ice. 18-
20μm sections were cut on the cryostat and fixed with 4% PFA for 10 minutes. Room 
temperature washes were carried out as follows: 3x PBS wash quickly, 1x PBS-T wash 
10 minutes (0.1% Triton X-100), 1x PBS wash quickly. Acetylation was then performed 
for 15 minutes in 1.17% (v/v) triethanolamine and 0.25% (v/v) acetic anhydride in ddH2O. 
3x PBS wash quickly was then followed by overnight hybridization with the RNA probe at 
68°C in hybridization solution (50% formamide, 5X SSC, 1X Denhart’s, 1mg/ml baker’s 
yeast RNA in ddH2O) in a humidifying chamber. The chamber was humidified with a 
50/50 mixture of formamide and PBS. The probe was applied at 1ng/μL following 
denaturation through 5 minutes of warming at 85°C.  
The following day, sections were washed with 0.2% SSC 2x for 15 minutes at 
68°C, followed by 3x quick PBS washes at room temperature. Blocking solution was then 
applied for 1 hour at room temperature (0.5% Blocking reagent [Roche] in 100 mM Tris-
HCl, 150 mM NaCl; pH 7.5). Sections were then incubated with anti-digoxigenin-AP 1:500 
(Roche) dissolved in blocking solution for 1 hour at 37°C. Sections were washed for 10 
minutes 3x in Washing Buffer (100 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, pH 
7.5) at room temperature. Sections were then washed for 10 minutes 2x in Detection 
Buffer (100 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl2, pH 8.0) at room temperature. 
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Development was done with the HNPP Fluorescent Detection Set (Roche) as per the 
manufacturer’s instructions for 1 hour. Sections were washed in dH2O for 10 mins and 
mounted with 2% DABCO in 50% glycerol/PBS to preserve fluorescence. 
The RNA probe for VGlut2 was obtained through a PCRII-Topo VGlut2 insitu probe 
vector from the laboratory of Dr. Jeffrey Macklis (Harvard University) deposited in 
Addgene as plasmid #45639 (https://www.addgene.org). For probe generation from the 
linearized plasmid, RNA transcription in the presence of digoxigenin-labeled nucleotides 
(Roche) generated both antisense and sense probes. After transcription, probes were 
precipitated overnight in 410μl precipitation solution (75% EtOH, 0.25 M TE buffer, 100 
mM LiCl) at -20°C. The following day, the probes were precipitated through spinning at 
13,000 RPM for 30 min at 4°C and the supernatant decanted. Then, the probes were 
washed in 1 ml of 70% ethanol and spun at 13,000 RPM for 5 min at 4°C, and the 
supernatant decanted. After briefly air-drying to remove any remaining ethanol, the 
probes were re-suspended in hybridization solution at 10 ng/μl and stored at -30°C. 
 
2.14 Statistics 
For most analysis, statistical analysis was performed using GraphPad Prism 6. 
Results are expressed as means ± standard error of the mean (SEM). Statistical analysis 
was carried out with the two-tailed unpaired Student’s t-test, the two-tailed paired 
Student’s t-test, one-way ANOVA, or with a linear regression, as appropriate. P values 
are indicated as follows: * = P < 0.05; ** = P < 0.01; *** = P < 0.001, with P < 0.05 
considered statistically significant.  
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The locomotor-like activity analysis of rhythmic activity in VSCT neurons used 
circular statistics. For this analysis, statistical analysis was performed using Oriana v4.02. 
Statistical analysis was carried out with the Rayleigh Test. P values are indicated as 
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Motor neurons provide monosynaptic input to ventral spinocerebellar 
tract neurons 
 
3.1 Spinal interneurons activated following motor neuron stimulation 
 To study circuit mechanisms that might allow motor neurons to gain access to the 
mammalian central pattern generator, we initially conducted two-photon calcium imaging 
in the intact ex vivo P4 wild-type mouse spinal cord (Fig. 3.1). Neurons were 
indiscriminately labeled with Calcium Green 1-AM by electroporation. The L5 segment 
ventral root was stimulated while recording the calcium signal through a change in 
fluorescence of the calcium sensitive dye. As expected, motor neurons exhibited a large 
increase in fluorescence due to calcium entry from the antidromic action potentials (black 
trace). Notably, several interneurons located dorsal to the motor neuron nucleus also 
displayed an increase in fluorescence (red traces). Given that the fluorescence signal 
represents an increase in calcium and therefore depolarization of these interneurons, 
rather than hyperpolarization, this finding raised the intriguing possibility that these 
interneurons were activated synaptically following motor neuron stimulation. 
To probe into the possibility that these interneurons could indeed be activated 
following motor neuron firing and to understand the temporal relationship to motor neuron 
firing (i.e. monosynaptic vs. polysynaptic), we conducted blind whole-cell patch clamp 
recordings in current clamp mode in this region of the lumbar spinal cord (Fig. 3.2A). Upon 
successful patch onto a neuron, we stimulated the motor neurons by electrical stimulation 
of the ventral root and recorded the voltage response in the patched neuron. We found 
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that some interneurons were depolarized following motor neuron stimulation (Fig. 3.2B). 
Due to the short latency of the response and graded nature of the response to increased 
intensity of stimulation, the depolarizing response was highly indicative of a monosynaptic 
connection.  
In order to hypothesize what specific interneurons we were recording from, we 
filled the interneurons with Neurobiotin during recording to allow for post-hoc visualization 
using the Avidin-Biotin complex. We concurrently visualized the motor neurons with a 
retrograde fill by applying a fluorescent dextran dye to the cut ventral root in order to 
reveal the spatial location of the interneurons as compared to motor neurons. We 
discovered that many of the interneurons were located near the motor neuron nucleus on 
the grey-white matter border (Fig. 3.3). 
These interneurons were clearly not motor neurons as they did not exhibit an 
antidromic action potential to ventral root stimulation and the intracellular dye did not co-
localize with the dextran dye applied to the motor neurons. It is well known that Renshaw 
cells, a class of inhibitory interneurons responsible for recurrent inhibition onto motor 
neurons, receive monosynaptic contacts from motor neurons (Alvarez and Fyffe, 2007; 
Renshaw, 1946; Eccles et al., 1954). However, these interneurons did not appear to be 
Renshaw cells for several reasons. The interneurons were located dorsal or lateral and/or 
within the motor neuron nucleus, whereas Renshaw cells are located ventral and medial 
to the motor neuron nucleus. The interneurons are large cells (~20-30 µm soma diameter) 
which is larger than that for Renshaw cells (~10-15 µm soma diameter). These findings 
raised the possibility that the interneurons represented a class of interneurons which 
receive previously unknown synaptic connections from motor neurons. 
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Through literature review, we found that a subset of ventral spinocerebellar tract 
(VSCT) neurons do indeed occupy this precise position in the lumbar spinal cord (Cooper 
and Sherrington, 1940; Sprague 1953; Grant et al., 1982). This subset of VSCT neurons, 
named for their spatial location, is called the spinal border cell. They reside on the grey-
white matter border of the spinal cord, near the motor neurons (Fig. 3.4), very reminiscent 
of the interneurons we recorded from (Fig. 3.3). This realization led to the hypothesis that 
VSCT neurons receive direct monosynaptic connections from motor neurons and could 
be activated following motor neuron stimulation.  
 
3.2 Establishment of intracellular recording from ventral spinocerebellar tract 
neurons 
 Cholera Toxin Subunit b conjugated to Alexa-488 (CTb-488), a traditional 
retrograde fluorescent tracer, was injected into the cerebellum in wild type mice at P0. 
Upon dissection at P3-P5, to allow time for effective retrograde transport, the injection 
was determined to be accurate by visualization of fluorescence in the cerebellum without 
spread to other brain tissue (Fig. 3.5). Examination of the lumbar spinal cord revealed 
that VSCT neurons are a distributed population of neurons on the ventral side of the spinal 
cord, some of which reside near or even within the motor neuron nucleus (Fig. 3.6). 
For recordings, preparations were dissected under aCSF (artificial cerebrospinal 
fluid). Individual L1 and L2 VSCT neurons were visually targeted for whole-cell 
intracellular patch clamp recording under two-photon laser microscopy. Visualization of 
co-localization of intracellular Alexa-555 with CTb-488 provided the first confirmation that 
the targeted neuron was indeed a VSCT neuron (Fig. 3.7A). To provide further verification 
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of the identity of the recorded neurons, the spinal cords were examined post-hoc for co-
localization of Neurobiotin with CTb-488 (Fig. 3.7B). Any neuron in which the intracellular 
tracers did not co-localize with CTb-488 was discarded from further analysis as it was not 
definitively determined to be a VSCT neuron.  
 In some preparations, the cerebellum was electrically stimulated to induce 
antidromic action potentials in the recorded neurons for further, electrophysiological, 
evidence that the recorded cell’s identity was that of a VSCT neuron (Fig. 3.8). The 
antidromic action potential latency was determined to be 41.07 +/- 2.40 ms (n=3). The 
distance from the cerebellum to the recorded VSCT neuron was determined to be 15.17 
+/- 0.67 mm. Therefore, the VSCT neuron conduction velocity was determined to be 0.38 
+/- 0.04 m/s. 
 
3.3 Ventral spinocerebellar tract neurons receive monosynaptic connections from 
motor neurons 
 Once a VSCT neuron was successfully patched in current clamp mode, the 
homosegmental ipsilateral motor neurons were stimulated electrically through a suction 
electrode applied to the L1 or L2 ventral root. VSCT neurons exhibited a depolarizing 
response following motor neuron stimulation (Fig. 3.9). This response had a short latency 
of 5.64 +/- 0.52 ms. The response was graded, exhibiting an increased depolarization to 
increased intensity of motor neuron stimulation. At supramaximal stimulation, the VSCT 
neuron depolarization was large enough to drive the neuron to fire an action potential.  
To determine if the response represented a monosynaptic contact from motor 
neurons to VSCT neurons, the VSCT neuron response was challenged with stimulation 
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of the ventral root at varying frequencies (0.1 Hz – 10 Hz) (Fig. 3.10A). This test, the jitter 
test, has been previously published as a reliable method to determine monosynapticity 
vs. polysynapticity for synaptic connections (Shneider et al., 2009; Mendelsohn et al., 
2015). The amplitude of the response is not analyzed, rather the trial-to-trial variability in 
the latency of the onset of the response (as determined through the coefficient of 
variation) is analyzed. If the response is monosynaptic, the latency of the onset of the 
response remains steady as the stimulation frequency increases and therefore the 
coefficient of variation remains small over all stimulation frequencies. If the response is 
polysynaptic, as stimulation frequency increases and synaptic depression occurs, failures 
in the first order neuron would occur. Failures in the first order neuron would then increase 
the latency of the response in the recorded neuron as the impulse requires a different 
circuit path in order to reach the recorded neuron. Thus, in the case of polysynaptic 
connections, the coefficient of variation would become larger as the stimulation frequency 
increases. The coefficient of variation of the onset of the response in VSCT neurons 
following motor neuron stimulation remained small and consistent, with no statistically 
significant difference across increasing stimulation frequencies, indicating a 
monosynaptic connection (Fig. 3.10B). 61% of the recorded VSCT neurons (11/18) 
receive monosynaptic activation following ventral root stimulation. 
 
3.4 Chemical and electric neurotransmission from motor neurons to ventral 
spinocerebellar tract neurons 
 In order to determine the nature of neurotransmission from motor neurons to VSCT 
neurons, the motor neuron-to-VSCT neuron synaptic connection was examined at 
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multiple holding potentials (-80, -70, -60, -50, and -40 mV) (Fig. 3.11A). The depolarizing 
response decreased in amplitude at more depolarized holding potentials, strongly 
signifying the involvement of chemical synapses (Fig. 3.11B). 
 Having determined that chemical synaptic transmission occurs from motor 
neurons to VSCT neurons, the next question became what neurotransmitters are used 
by the motor neurons and what receptors are used by the VSCT neurons at this synapse. 
In order to investigate this question, the synapse was probed pharmacologically by 
sequential addition of receptor antagonists into the bath in order to block specific 
receptors (n=3) (Fig. 3.12). Motor neurons use solely acetylcholine to act on nicotinic 
receptors at the neuromuscular junction to cause muscle contraction. However, at the 
motor neuron-to-Renshaw cell central synapse, motor neurons use both acetylcholine 
and another excitatory amino acid (glutamate and/or aspartate) in order to exert excitatory 
effects on the Renshaw cell (Mentis et al., 2005; Nishimaru et al., 2005). Therefore, we 
hypothesized that motor neurons might use both cholinergic and 
glutamatergic/aspartergic chemical neurotransmission at their synapse onto VSCT 
neurons. Glutamate and aspartate are both amino acids used for excitatory 
neurotransmission, but are hard to distinguish experimentally since there is no known 
antagonist nor vesicular transporter (two of the most common methods for determining 
the nature of chemical neurotransmission) specific for one but not the other. 
 Through the addition of mecamylamine, a nicotinic receptor antagonist, and 
NBQX, an AMPA receptor antagonist, we found that some VSCT neurons have both a 
cholinergic and glutamatergic/aspartergic component to the chemical neurotransmission 
from motor neurons to VSCT neurons (Fig. 3.12A). However, some cells were found to 
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not contain a cholinergic component, but to exhibit only a glutamatergic/aspartergic 
component; the excitatory postsynaptic synaptic potential (EPSP) in these cells was 
responsive to NBQX but not to mecamylamine (Fig. 3.12B). Surprisingly, in both classes 
of VSCT neurons, there was a component of the response that remained unblocked 
following glutamate and acetylcholine blockade. Notably, atropine (5 µM) and APV (100 
µM) were used to test the synapse for a muscarinic and NMDA component respectively, 
both of which had no effect (data not shown). However, upon bath application of 
carbenoxolone, a blocker of gap junctions, the remaining response in both cells was 
abolished. The mean cholinergic component percentage was 14.98 +/- 14.98% with a 
range from 0 to 44.95% (n=3). The mean glutamatergic/aspartergic component 
percentage was 40.04 +/- 18.48% with a range from 9.05 to 72.99%. The mean electrical, 
gap junction, component percentage was 44.98 +/- 23.17% with a range from 16.97 to 
90.95%. Therefore, the motor neuron to VSCT synapse utilized both chemical (cholinergic 
and glutamatergic/aspartergic) and electrical transmission. 
 When the chemical component of the communication from motor neurons to VSCT 
neurons was blocked with mecamylamine and NBQX, the electrical component of the 
transmission could be examined independently. It was discovered that the electrical 
component of the transmission was sufficient in order to induce action potentials in VSCT 
neurons (Fig. 3.13), implying that this component of the response carried important 
functionally-relevant information to VSCT neurons. 
 To provide confirmatory evidence that motor neurons synapse onto VSCT neurons 
through both chemical and electrical synapses, the spinal cords in which VSCT neurons 
were recorded from were examined morphologically. During intracellular recording, two 
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dyes were used in the intracellular solution: an Alexa-555 or Alexa-488 hydrazide, which 
does not cross gap junctions, and Neurobiotin, which does cross gap junctions and can 
be visualized post-hoc with the Avidin-Biotin complex. In this way, the recorded “master” 
VSCT neuron can be easily distinguished from any neurons which are electrically 
connected, i.e. dye-coupled, to the VSCT neuron. The motor neurons were labeled after 
recording had concluded by application of a dextran-fluorescent dye to the cut ventral root 
(a ventral root fill) (Mentis et al., 2011; Fletcher et al., 2017). Following subsequent 
immunohistochemistry, synaptophysin+ boutons from motor neurons, co-localizing with 
the dextran dye labeling motor neurons and their terminals, were found to form boutons 
onto VSCT neurons (Fig. 3.14A). Additionally, in preparations in which CTb-488 was 
injected into the cerebellum to label VSCT neurons and motor neuron axon collaterals 
were labeled via a ventral root fill, VAChT+ (vesicular acetylcholine transporter) boutons 
were found from motor neurons onto VSCT neurons (Fig. 3.14B) and motor neuron axons 
were found to form many putative synapses in series along the soma of VSCT neurons 
(Fig. 3.14C). 
 Finally, it is well established that Neurobiotin is transported through gap junctions 
such that when a cell is filled with Neurobiotin intracellularly, cells that are electrically 
connected to that cell can be revealed with the Avidin-Biotin complex, called “dye-
coupling” (Pastor et al., 2003, Kita and Armstrong, 1991, Vaney, 1991, Fan et al., 2005). 
The intracellularly-filled cell can be distinguished from the electrically-coupled cells 
through intensity of the staining, whereby the original cell appears very bright compared 
to the electrically-coupled cells. In addition, the Avidin-Biotin complex can reveal 
Neurobiotin using a different fluorophore than the Alexa hydrazide, which remains only in 
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the recorded VSCT neuron. Taking advantage of this property of Neurobiotin, spinal cords 
were sectioned and stained for ChAT (choline acetyltransferase), a marker of motor 
neurons. On sections adjacent to the recorded VSCT neuron, dye-coupled motor neurons 
were found (Fig. 3.15), providing morphological evidence that motor neuron are 
connected to VSCT neurons electrically through gap junctions. 
 
3.5 Ventral spinocerebellar tract neurons receive inputs from primary afferents  
 To examine if VSCT neurons receive input from proprioceptive, primary afferent 
(group 1), neurons, VSCT neurons were labeled by cerebellum injections with CTb-488 
at P0. At P4, immunohistochemistry was conducted against parvalbumin (Pv), a specific 
marker for proprioceptive fibers during the first postnatal week (Arber et al., 2000; Alvarez 
et al., 2004; Fletcher et al., 2017). VSCT neurons were found to receive rich innervation 
from proprioceptive fibers (Fig. 3.16A). Proprioceptive fibers utilize vesicular glutamate 
transporter 1 (VGluT1) at their axonal terminals (Alvarez et al., 2004; Fletcher et al., 
2017). VSCT neurons were thus examined for the presence of VGluT1+ boutons at P4. 
Immunohistochemistry revealed that VSCT neurons receive putative VGluT1+ synapses 
onto their soma as well as proximal dendrites (Fig. 3.16B). 
 In order to determine if these putative synapses from primary afferents onto VSCT 
neurons were functional, L1 and L2 segment VSCT neurons were recorded intracellularly 
at P3-P5. Proprioceptive axons were stimulated through a suction electrode applied to 
the ipsilateral homosegmental dorsal root. Two groups of VSCT neurons were found: 40% 
of VSCT neurons (6/15) received monosynaptic input from primary afferents and 60% of 
VSCT neurons (9/15) received polysynaptic input from primary afferents (Fig. 3.17). The 
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two groups of VSCT neurons exhibited clear differences in response onset latency, rate 
of rise of the response, and in the jitter test. Monosynaptically-connected VSCT neurons 
exhibited a faster rate of rise and a shorter onset latency than polysynaptically-connected 
VSCT neurons (Fig. 3.17A). The monosynaptic VSCT neurons had an onset latency of 
10.4 +/- 0.7 ms and a rate of rise of 0.69 +/- 0.19 mV/ms. The polysynaptic VSCT neurons 
had an onset latency of 20.2 +/- 2.5 ms and a rate of rise of 0.12 +/- 0.01 mV/ms. To 
provide evidence that these groups were segregated properly, the jitter test was 
conducted for each of these two groups. The jitter of the polysynaptic group as calculated 
through the coefficient of variation was significantly larger than the jitter of the 
monosynaptic group (Fig. 3.17B and C). Finally, to provide confirmatory evidence that the 
response in the monosynaptic group was indeed monosynaptic, a motor neuron in the 
same segment was intracellularly recorded while stimulating the dorsal root, because 
motor neurons are known to receive strong input from proprioceptive fibers. The onset 
latency of the depolarizing response in the motor neuron was 10.3 ms and the rate of rise 
was 0.35 mV/ms. These values fall within the range of those from the monosynaptic VSCT 
neurons (Fig. 3.17A). Therefore, a subset of VSCT neurons receives direct monosynaptic 
input from primary afferents, while the rest of the VSCT neurons receive polysynaptic 




Figure 3.1. Identification of interneurons activated following ventral root stimulation 
through 2-photon calcium imaging. Calcium Green 1-AM indiscriminately labelled motor 
neurons as well as spinal interneurons by electroporation. 2-photon imaging of 
fluorescence representing calcium entry into the neuron was conducted through the 
lateral side of the spinal cord at P3-P5. Following L5 ventral root stimulation (represented 
by green line), L5 motor neurons exhibited a large increase in fluorescence (black ROI 
and black trace, ΔF/Fo). Dorsal to the motor neuron nucleus, a set of interneurons also 
exhibited a noticeable increase in fluorescence, but to a smaller extent compared to the 







Figure 3.2. Stimulation of motor neuron axons resulted in monosynaptic excitatory 
postsynaptic potentials in interneurons located dorsal to the motor neuron nucleus at P3-
P5, in the area that we observed a calcium signal from interneurons labelled with 
electroporation (see Fig. 3.1). A) Drawing of the experimental protocol. B) Superimposed 
traces recorded from an interneuron following stimulation of motor neuron axons at 0.1Hz. 
Note the short latency and graded nature of the excitatory postsynaptic potentials 




Figure 3.3. Interneurons receiving putative monosynaptic connections from motor 
neurons were located close to or within the motor neuron nucleus, at the border of the 
grey and white matter. Motor neurons were labelled via a dextran dye applied to the cut 
ventral root overnight following intracellular recording at P3-P5. The interneuron was 
revealed with the Avidin-Biotin complex. Dotted white line indicates the approximate grey-






Figure 3.4. VSCT neurons are large multipolar neurons located close to or within the 
motor neuron nucleus, often at the grey-white matter border. A) Schematic illustrating the 
location of VSCT neurons in the adult cat lumbar spinal cord (From Sherrington, 1940). 
B) Schematic illustrating the location and morphology of VSCT neurons in the adult cat 




Figure 3.5. Validation of specificity of CTb-488 injection into the vermis and paravermis 
of the cerebellum of neonate mice at P0-P1. CTb-488; Cholera Toxin Subunit B 





Figure 3.6. Some ventral spinocerebellar tract (VSCT) neurons are located close to or 
within the motor neuron nucleus in the neonate mouse. A) CTb-488 was injected into the 
cerebellum at P0-P1 to label spinocerebellar neurons in the L5 spinal cord (visualized at 
P3-P6). Motor neurons were identified via a dextran dye applied to the cut ventral root 
following an overnight retrograde fill. The dotted blue line represents the grey-white matter 
border of the spinal cord. The solid white line represents the edge of the spinal cord. B) 
Another example of the presence of VSCT neurons in the ventral horn; motor neurons 






Figure 3.7. VSCT neurons were visually targeted for whole-cell patch clamp intracellular 
recording with the aid of 2-photon laser confocal microscopy. A) VSCT neurons were 
labeled through cerebellum CTb-488 (shown in green) injections at P0. At P3-P5, VSCT 
neurons in the L1/L2 segments were targeted for intracellular recordings. Verification of 
the recorded neuron as a VSCT neuron was performed by real-time co-localization of the 
CTb-488 signal with Alexa-555 (in red) from the intracellular electrode (yellow 
arrowhead). B). Post-hoc revealing of the recorded neuron with the Avidin-Biotin complex 
demonstrates co-localization of Neurobiotin with CTb-488, verifying accurate targeting of 





Figure 3.8. VSCT neurons were physiologically identified by the presence of an all-or-
none antidromic action potential following electrical stimulation of the cerebellum. A) 
Trace from a P3 L1 VSCT neuron following electrical stimulation of the cerebellum. B) 
Latency of the antidromic action potential induction following electrical stimulation of the 
cerebellum, distance from the cerebellum to the spinal segment recorded, and conduction 
velocity of the VSCT neurons’ axons. All three VSCT neurons were visually targeted by 




Figure 3.9. VSCT neurons exhibit a short latency, graded excitatory postsynaptic potential 
to ipsilateral homosegmental motor neuron stimulation. At supramaximal stimulation 
intensity of motor neurons, P3-P5 L1/L2 VSCT neurons can exhibit action potentials. The 
red arrowhead on the three superimposed traces from a P4 L2 VSCT neuron indicates 
the stimulation artifact representing ventral root (vr) stimulation. The mean ± SEM of the 






Figure 3.10. The excitatory postsynaptic potential in VSCT neurons following motor 
neuron stimulation is monosynaptic. A) Traces of a P4 L2 VSCT neuron following 
ipsilateral homosegmental motor neuron stimulation at varying frequencies. Vertical 
dotted line indicates that the onset of the response does not vary between trials at 
different frequencies, demonstrating monosynaptic activation. B) The coefficient of 
variation (CV) of the onset of the excitatory postsynaptic potential (EPSP) in VSCT 
neurons is low and does not vary over increasing stimulation frequencies. ns: not 




Figure 3.11. Voltage-dependence of VSCT neuron activation following ventral root 
stimulation. A) Traces of a P3 L1 VSCT neuron at different holding potentials following L1 
ventral root stimulation. B) Amplitude of the VSCT neurons’ depolarization at different 
holding potentials following motor neuron stimulation, normalized to the amplitude at -80 
mV. At more positive holding potentials, the VSCT neuron exhibited a smaller amplitude 
response, indicative of chemical synaptic transmission. * = P < 0.05; ** = P < 0.01; *** = 






Figure 3.12. The synapse from motor neurons to VSCT neurons is mixed, exhibiting a 
chemical and an electrical component. A) Traces of the depolarizing response of a P4 L2 
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VSCT neuron to ipsilateral homosegmental motor neuron stimulation under the influence 
of mecamylamine (50µM), NBQX (20µM), and carbenoxolone (100µM) sequentially. This 
neuron exhibited a mixed cholinergic/glutamatergic or aspartergic chemical component 
to the response as well as an electrical component. B) Traces of the depolarizing 
response of a different P5 L2 VSCT neuron to ipsilateral homosegmental ventral root 
stimulation under the influence of NBQX (20µM) and carbenoxolone (100µM). This 
neuron exhibited a glutamatergic or aspartergic chemical component to the response as 
well as an electrical component, with no cholinergic chemical component. C) Percentage 
of the depolarizing response in each VSCT neuron that was due to cholinergic, 
glutamatergic/aspartergic, or electrical synapses. Note the large variation between each 






Figure 3.13. The electrical component of the motor neuron-to-VSCT neuron synapse is 
capable of inducing action potentials in VSCT neurons. A trace of a P4 L2 VSCT neuron 
following ipsilateral homosegmental motor neuron stimulation under the influence of 






Figure 3.14. VSCT neurons receive synaptic boutons from motor neuron axon collaterals. 
A) A P4 L2 VSCT neuron was filled with Neurobiotin during intracellular recording and 
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revealed post-hoc with the Avidin-Biotin complex (blue). CTb injection into the cerebellum 
at P0 verified that the recorded cell was a VSCT neuron (white; see insets). Motor neuron 
axon collaterals and boutons were identified via a dextran dye applied to the cut ventral 
root following recording (red). Immunohistochemistry against synaptophysin (green) 
revealed the synaptic nature of contacts from motor neuron axon collaterals to VSCT 
neurons (yellow arrow in merged image; images magnified from the dotted box). B) A 
similar experiment in which VSCT neurons were labeled through P0 CTb-488 cerebellum 
injections (green) and motor neuron axon collaterals and boutons were identified via a 
dextran dye applied to the cut ventral root (red). Some of the synaptic contacts were 
VAChT+ (vesicular acetylcholine transferase; shown in white) (yellow arrow: point of 
contact). C) Another example of a VSCT neuron labeled through P0 CTb-488 cerebellum 
injections (green) receiving putative boutons (yellow arrows) in series on its soma from a 
motor neuron axon collateral identified via a dextran dye applied to the cut ventral root 




Figure 3.15. Motor neurons are dye-coupled to VSCT neurons. A P4 L2 VSCT neuron 
was filled with Neurobiotin during intracellular recording and revealed post-hoc with the 
Avidin-Biotin complex. Note that the recorded VSCT is not shown, since 
immunohistochemistry against ChAT on adjacent sections displayed ChAT+ motor 
neurons which were also Neurobiotin+. Lower images show a Neurobiotin+ motor neuron 





Figure 3.16. L1 and L2 VSCT neurons receive dense innervation from proprioceptive 
primary afferents. A) VSCT neurons were labeled through cerebellum CTb-488 injections 
at P0-P1. Immunohistochemistry against parvalbumin (Pv) (red) was conducted at P3-
P5. B) In a separate set of experiments, immunohistochemistry against VGluT1 (vesicular 
glutamate transporter 1) (yellow) revealed that VSCT neurons receive VGluT1 synaptic 




Figure 3.17. A subset of VSCT neurons receive monosynaptic excitation following dorsal 
root stimulation. A) Dorsal root stimulation was conducted while recording intracellularly 
from a P5 L1 VSCT neuron. VSCT neurons with monosynaptic input from sensory fibers 
demonstrated a short latency and large rate of rise. An L2 motor neuron (red square) 
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exhibited a latency and rate of rise comparable to that of the monosynaptic response in 
VSCT neurons. VSCT neurons with polysynaptic input from sensory fibers exhibited a 
long latency and small rate of rise. B) The coefficient of variation (CV) of the onset of the 
excitatory postsynaptic potential in VSCT neurons following sensory stimulation is low in 
the “monosynaptic” subset and high in the “polysynaptic” subset. * = P < 0.05; *** = P < 
0.001. Student’s t-test. C) Five superimposed traces of representative responses in a P5 
L1 VSCT neurons in the monosynaptic subset and in the polysynaptic subset following 






Ventral spinocerebellar tract neurons exhibit rhythmogenic properties 
 
4.1 Ventral spinocerebellar tract neurons exhibit rhythmic activity during 
locomotor-like activity 
 We then turned to examine the rhythmic properties of ventral spinocerebellar tract 
neurons, hypothesizing that VSCT neurons would exhibit rhythmic activity during 
locomotor-like activity. Locomotor-like activity was induced in ex vivo spinal cord 
preparations from P3-P5 wild type mice using sensory stimulation or ventral root 
stimulation (Marchetti et al., 2001; Whelan et al., 2000; Mentis et al., 2005). As previously 
published, using either method of electrical stimulation induced robust cyclical locomotor-
like activity with alternation between the left and right side of the spinal cord and with 
alternation between L1/L2 segments (predominately flexor motor neurons) and L5/L6 
segments (predominately extensor motor neurons) (Jiang et al., 1999; Otsuka and 
Konishi, 1974; Whelan et al., 2000; Bonnot et al., 2002; Kiehn, 2006; Gosgnach et al., 
2006; Bácskai et al., 2014) (Fig. 4.1). 
 L1 and L2 VSCT neurons were then visually targeted for intracellular whole-cell 
patch clamp recordings while locomotor-like activity was elicited in the preparations 
through stimulation of sensory fibers or motor neuron axons. VSCT neurons exhibited 
robust rhythmic activity during locomotor-like activity (Fig. 4.2A). VSCT neurons were 
determined to be rhythmically active in phase with the ipsilateral, homosegmental 
predominately-flexor motor neurons (Fig. 4.2B, C). The population of rhythmic VSCT 
neurons could be sub-divided into two groups: some VSCT neurons fired action potentials 
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during locomotor-like activity in a rhythmic fashion, whereas others exhibited rhythmic 
subthreshold activity (Fig. 4.2D and E). 50% of the VSCT neurons (6/12) fired action 
potentials and 50% of the VSCT neurons (6/12) exhibited subthreshold activity. For the 
group of VSCT neurons which fired action potentials, the mean vector of the first action 
potential was 79 +/- 17° (see methods for details), preceding the peak of the flexor phase 
of the locomotor cycle, and statistically significant (p < 0.01, Rayleigh Test). The length 
of the mean vector was 0.855. For the group of VSCT neurons which exhibited 
subthreshold activity, the mean vector of the subthreshold activity onset was 70 +/- 14° 
(see methods for details), again preceding the peak of the flexor phase of the locomotor 
cycle, and statistically significant (p < 0.01, Rayleigh Test). The length of the mean vector 
was 0.908. These results suggest that during locomotor-like activity VSCT neurons exhibit 
rhythmic activation and therefore raises the possibility that they may be engaged with the 
ongoing behavior and likely act to transmit their locomotor-relevant information to other 
neurons. 
 
4.2 Ventral spinocerebellar tract neurons exhibit a pacemaker h-current 
 The intrinsic properties of VSCT neurons were examined for rhythmogenic 
properties which might be involved in the generation of rhythmic activity in VSCT neurons 
during locomotor-like activity. VSCT neurons were found to exhibit a pacemaker current, 
characterized by a slow, steady depolarization until the threshold voltage for action 
potential firing is reached. This current occurred both spontaneously and evoked (Fig. 
4.3A and B). 
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 Persistent inward current, due to sodium entry into the cell, is a current known to 
underlie pacemaker currents in neurons (Dai et al., 2008; Tazerart et al., 2007; Zhong et 
al., 2007; Ziskind-Conhaim et al., 2008). First discovered in spinal motor neurons, 
persistent inward currents allow the persistence of firing after input has ceased onto the 
cell, increasing firing rate and output (ElBasiouny et al., 2010). VSCT neurons exhibited 
no signs of persistent inward currents when probed with a ramp current (n=9) (Fig. 4.4). 
For every VSCT neuron, the current at which action potentials stopped on the downward 
ramp (Ioff) was greater than the current at which the first action potential was elicited on 
the upward ramp (Ion) (Fig. 4.4A). For the VSCT neuron population, the current at which 
the first action potential was elicited on the upward ramp was 99.3 +/- 31.6 pA and the 
current at which the last action potential was elicited on the downward ramp was 130.2 
+/- 36.4 pA (p < 0.001) (Fig. 4.4B). Additionally, when analyzing the instantaneous 
frequency of VSCT neuron firing during the ramp current, the slope of the upward ramp 
and slope of the downward ramp were identical (Fig. 4.4C). These findings are consistent 
with sodium inactivation and not with persistent inward currents, providing evidence that 
persistent inward currents are not present in VSCT neurons during this stage of 
development. 
 A second current known to underlie pacemaker currents is the h-current (Ih) (Lüthi 
and McCormick, 1998). This current was first described in the hippocampus (where it was 
called IQ for “queer” current) (Halliwell and Adams, 1982) and in the heart (called If for 
“funny” current) (Yanagihara and Irisawa, 1980; Brown and DiFrancesco, 1980). It is 
activated by hyperpolarization, has slow kinetics, and has mixed Na+ and K+ permeability 
(Pape, 1996). With its non-selective cation permeability, it has an equilibrium potential of 
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-35 mV, above the threshold for action potential initiation and therefore drives a 
pacemaker current. Indeed, this current is responsible for the pacemaking ability of the 
heart. The channel responsible for the h-current is the HCN (hyperpolarization-activated 
cyclic nucleotide-gated) channel (Ludwig et al., 1998; Santoro et al., 1998). 
 VSCT neurons displayed the characteristic sag and post-inhibitory rebound 
voltage in response to a negative current injection, indicative of the presence of Ih. The 
sag and post-inhibitory rebound were time-dependent, increasing in amplitude the longer 
the negative current was applied to the VSCT neuron (n=11) (Fig. 4.5A). These properties 
were also voltage-dependent, increasing in amplitude with increasingly larger steps of 
negative current injection (Fig. 4.5B). Of note, the post-inhibitory rebound in VSCT 
neurons is large enough to cause the neuron to fire an action potential at its resting 
membrane potential (Fig. 4.5A and B). This suggests that the h-current is a functionally-
significant property of VSCT neurons, able to influence firing of the cell.  
 To definitively determine if the h-current is indeed responsible for the observed sag 
and post-inhibitory rebound in VSCT neurons, a pharmacological antagonism approach 
was used. ZD7288 is a selective blocker of Ih, acting as an antagonist of HCN channels 
(Rothberg et al., 2002; BoSmith et al., 1993). When ZD7288 was bath applied during 
intracellular recording, the sag and post-inhibitory rebound were abolished (n=3) (Fig. 
4.5C). The sag amplitude was reduced from 6.7 +/- 1.2 mV to 0.0 +/- 0.0 mV (p < 0.01) 
(Fig. 4.5D). The post-inhibitory rebound amplitude was likewise reduced from 4.2 +/- 1.2 
mV to 0.5 +/- 0.3 mV (p < 0.05) (Fig. 4.5E). Both the sag and post-inhibitory rebound 
partially returned upon an extended washout (Fig. 4.5C). 
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 Passive and active membrane properties of VSCT neurons were compared before 
and after application of ZD7288. Since ZD7288 blocks HCN channels, with an equilibrium 
potential of -35 mV, and HCN channels are open to a small extent at rest (Lüthi and 
McCormick, 1998), the expectation was that application of ZD7288 would increase the 
excitability of the VSCT neurons by increasing input resistance while simultaneously 
decrease the neuron’s resting membrane potential, as reported for other neurons (Rivera-
Arconada, 2013; Di Pasquale, 2001; Kase and Imoto, 2012). Indeed, when ZD7288 was 
applied VSCT neuron input resistance increased from 247.0 +/- 52.1 MΩ to 407.7 +/- 49.6 
MΩ (Fig. 4.6A). Likewise, rheobase decreased from 33.1 +/- 2.7 pA to 22.1 +/- 7.7 pA 
(Fig. 4.6A) and time constant increased from 54.3 +/- 8.2 ms to 72.2 +/- 12.7 ms (Fig. 
4.6A). However, the threshold for action potential induction did not change (-33.9 +/- 1.4 
mV to -34.3 +/- 0.8 mV) (Fig. 4.6A). Finally, the resting membrane potential of VSCT 
neurons decreased from -52.5 +/- 5.5 mV to -55.5 +/- 6.5 (Fig. 4.6B). All of these findings 
on the passive and active membrane properties of VSCT neurons under ZD7288 were 
consistent with previously reported studies conducted on dorsal horn spinal interneurons, 
phrenic motor neurons, as well as inferior olive neurons (Rivera-Arconada, 2013; Di 
Pasquale, 2001; Kase and Imoto, 2012) and therefore confirmed the usage of ZD7288 to 
specifically block HCN channels in VSCT neurons. 
 
4.3 Ventral spinocerebellar tract neurons are electrically coupled to other VSCT 
neurons 
 Electrical coupling is known to be an important factor in rhythmogenesis in 
invertebrate models of central pattern generators (Getting et al., 1980; Eisen and Marder, 
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1982). Furthermore, in many excitable networks including the heart, the inferior olive, and 
the pre-Bötzinger complex, electrical communication via gap junctions has been shown 
to be critical for synchronizing activity among cells (Rekling et al., 2000; Llinás and Yarom, 
1986, Bal and McCormick, 1997; Rohr, 2004). In the pre-Bötzinger complex, a set of 
neurons in the medulla which is essential for respiratory rhythm production in mammals, 
blocking gap junction communication with carbenoxolone significantly decreases the 
frequency of rhythmogenesis, and under prolonged exposure terminates rhythmic burst 
production (Rekling et al., 2000; Elsen et al., 2008). My previous experiments had already 
provided evidence that VSCT neurons are electrically coupled with motor neurons (Figs. 
3.12 and 3.15). Therefore, we now sought to determine whether VSCT neurons exhibit 
electrical coupling to any other neurons, including other VSCT neurons.  
During intracellular recording, VSCT neurons were filled with Neurobiotin and an 
Alexa-555 or Alexa-488 hydrazide. As described above, the Alexa-hydrazide dye does 
not cross gap junctions, whereas Neurobiotin does cross gap junctions and can be 
visualized post-hoc with the Avidin-Biotin complex in a different fluorophore. Furthermore, 
the intracellularly-filled cell can be distinguished from the electrically-coupled cells 
through intensity of the staining of Neurobiotin, whereby the original cell appears very 
bright compared to the electrically-coupled cells. Using this method of revealing the 
recorded neurons, the “master” VSCT neuron can be easily distinguished from any 
neurons which are electrically connected, dye-coupled, to the VSCT neuron (Pastor et 
al., 2003; Kita and Armstrong, 1991; Vaney, 1991; Fan et al., 2005). By taking advantage 
of this property of Neurobiotin, VSCT neurons were revealed with the Avidin-Biotin 
complex to examine for dye-coupling with other neurons. It was found that other VSCT 
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neurons near the recorded VSCT neuron were dye-coupled to it (Fig. 4.7), providing 
morphological evidence of gap junction-mediated electrical coupling between VSCT 
neurons. Dual recordings from two VSCT neurons or a VSCT neuron and another spinal 
interneuron have not been performed and therefore, we cannot be certain of the 
percentage of VSCT neurons which are electrically coupled. Nonetheless, we can 
estimate the percentage through the dye-coupling experiments. Dye-coupling is likely an 
underestimate of the extent of electrical coupling, because Neurobiotin is unlikely to be 
transported through all gap junctions during the limited time of intracellular recording. 
~78% (7/9) of the recorded VSCT neurons did exhibit dye-coupling to other spinal 
interneurons or to other VSCT neurons. Together, these findings provide evidence that 
electrical coupling is present in VSCT neurons to a large extent, which might serve a 
functional role in locomotor rhythmogenesis. 
 
4.4 Physiological and morphological properties of ventral spinocerebellar tract 
neurons 
 The resting membrane potential of VSCT neurons was established upon breaking 
in to the neuron. The mean resting membrane potential was -54.27 +/- 0.76 mV (n=22) 
(Fig. 4.8A). The voltage threshold for induction of action potentials (Vthr) was -34.26 +/- 
0.69 mV (Fig. 4.8B). The soma size of the neurons was calculated with post-hoc 
immunohistochemistry following intracellular filling of individual VSCT neurons. The mean 
soma area of these neurons was 348.7 +/- 25.25 µm (Fig. 4.8C). The mean input 
resistance of the neurons (calculated from the I/V plot) was 247.2 +/- 32.23 MΩ (Fig. 
4.8D). The mean rheobase was 82.94 +/- 12.97 pA (Fig. 4.8E). Lastly, the mean time 
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constant (tau) of the VSCT neurons was determined to be 40.43 +/- 4.11 ms (Fig. 4.8F). 
Rheobase and input resistance are known to have a strong inverse relationship (Kandel 
et al., 2013; Gustafsson and Pinter, 1984; Torres-Torrelo et al., 2014). In VSCT neurons 
these properties were also found to be inversely related (r2 = 0.56; p < 0.001) (Fig. 4.9A). 
On the other hand, time constant and input resistance are known to exhibit a strong direct 
relationship. In VSCT neurons these properties were found to be directly related as well 
(r2 = 0.34; p < 0.01) (Fig. 4.9B). We have previously reported that L2 motor neurons at 
the same developmental age (P4) have an input resistance of ~50 MΩ, a time constant 
of ~7 ms, and a rheobase of ~500 pA (Fletcher et al., 2017). The mean input resistance 
of VSCT neurons is approximately 500% larger than that of motor neurons, implying that 
the same synaptic input would lead to a larger depolarization in VSCT neurons. The mean 
time constant of VSCT neurons is approximately 600% larger than that of motor neurons, 
implying that synaptic input to VSCT neurons would cause a considerably longer effect 
on their membrane potential. The mean rheobase of VSCT neurons is approximately 85% 
smaller than that of motor neurons, implying that less synaptic input is needed in order to 
produce an action potential in VSCT neurons. Together, by comparing the passive and 
active membrane properties from VSCT neurons to those from motor neurons, we can 
conclude that VSCT neurons are highly excitable neurons. Their excitability is unlikely to 
be explained by soma size as L2 motor neurons have a similar soma diameter of ~375 
µm (Fletcher et al., 2017). Therefore, ion channel expression is a likely cause of the large 
excitability of VSCT neurons. 
Next, the firing pattern of VSCT neurons was examined using F/I 
(frequency/current) plots through patch clamp protocols. There are mostly four typical 
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firing patterns observed in neurons: single action potential, burst firing, tonic firing, and 
burst-tonic firing (Mountcastle et al., 1969; Connors and Gutnick, 1990; Hoang et al., 
2018). All recorded VSCT neurons exhibited the tonic firing profile during neonatal 
development (n=21) (Fig. 4.10A). The maximum firing frequency observed in VSCT 
neurons upon injection of current during the F/I protocol was 12.5 +/- 0.9 Hz (Fig. 4.10B). 
When VSCT neurons were held at their resting membrane potential, the majority of the 
cells were quiescent at rest, firing no action potentials (11/18 neurons). A subset of cells 
fired spontaneous action potentials (7/18 neurons), with the population as a whole 
exhibiting a mean spontaneous firing frequency of 1.4 +/- 0.5 Hz (Fig. 4.10C). Since VSCT 
neurons fire in rhythmic bursts during locomotor-like activity (Fig. 4.2), these findings 
suggest that additional mechanisms are involved to regulate VSCT neuron firing which 
are not recruited when VSCT neurons are probed with a sustained long-lasting positive 
current injection. Additionally, the finding that most VSCT neurons are quiescent at rest, 
with the reminder exhibiting a low spontaneous firing frequency (all under 5 Hz, except 
for 1 VSCT neuron), implies that VSCT neurons are recruited in a task-dependent fashion. 
VSCT neurons exhibited a pronounced after-hyperpolarization (AHP) (Fig. 4.11A). 
Both the amplitude and the duration of the AHP in VSCT neurons were large. The AHP 
amplitude was found to be 15.44 +/- 0.72 mV (Fig. 4.11B). The AHP duration was found 
to be 364.5 +/- 21.09 ms (Fig. 4.11C). AHPs are known to regulate neuronal firing (Lai et 
al., 2014; Bond et al., 2005), and therefore the large AHPs in VSCT neurons may act to 
limit the maximum firing frequency of VSCT neurons. Intriguingly, the AHP may be 
dynamically regulated to permit the emergence of a higher firing frequency (for instance, 
111 
 
during burst firing), and/or the large AHP may be used by VSCT neurons to activate HCN 





Figure 4.1. Induction of locomotor-like activity in the intact ex vivo neonate mouse spinal 
cord preparation. A) Drawing of the lumbar spinal cord with suction electrodes applied to 
ventral roots for extracellular recording of motor neuron activity. B) Extracellular recording 
of the summated activity of motor neurons in the 1st lumbar segment on the left side (Left 
L1), as well as Right L1, Left L5, and Right L5 segments under induction of locomotor-
like activity with sensory stimulation. Note the three major hallmarks of locomotor-like 
activity: cyclic rhythmic activity, left-right alternation, and flexor-extensor alternation 




Figure 4.2. VSCT neurons exhibit rhythmic activity during locomotor-like activity. A) An 
intracellular trace from a P4 L1 VSCT neuron exhibiting rhythmic bursts of action 
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potentials along with an extracellular trace from the ipsilateral homosegmental L1 motor 
neurons during locomotor-like activity induced by stimulation of an adjacent ventral root. 
B) A magnified section of the trace shown in A shows that the rhythmic activity of the 
VSCT neuron is in phase with the ipsilateral homosegmental motor neurons. Blue 
arrowheads indicate the stimulus artifacts. C) Quantification of the phase relationship of 
the first action potential from each burst to the locomotor cycle for a representative VSCT 
neuron. Each blue data point represents the timing of the first action potential from a burst. 
The red arrow vector between 0 and 0.5 indicates that this VSCT neuron exhibited 
significant rhythmicity in phase with the ipsilateral predominately flexor motor neurons. D) 
Quantification of the phase relationship of the first action potential from each burst to the 
locomotor cycle for the population of VSCT neurons. Each black data point represents 
the rhythmic vector value for a VSCT neuron which exhibited action potentials (i. e. the 
red arrow in C). The black arrow vector between 0 and 0.5 indicates that VSCT neurons 
which fire rhythmic action potentials are in phase with the ipsilateral predominately flexor 
motor neurons. E) Quantification of the phase relationship between the onset of 
subthreshold rhythmic activity in each burst and the locomotor cycle for the population of 
VSCT neurons. Each black data point represents the rhythmic vector value for a VSCT 
neuron which exhibited subthreshold rhythmic activity. Subthreshold rhythmic VSCT 
neurons exhibited activity in phase with the ipsilateral predominately flexor motor 




Figure 4.3. VSCT neurons exhibit a pacemaker current. A) A spontaneous pacemaker 
current resulting in an action potential in a P5 L2 VSCT neuron. B) Ventral root stimulation 
also resulted in production of a pacemaker current in a P3 L2 VSCT neuron. Parallel lines 





Figure 4.4. The pacemaker current in VSCT neurons is not due to persistent inward 
currents. A) A ramp test of a representative P3 L2 VSCT neuron. The current at which 
action potentials stop firing (Ioff) is greater than the current at which the first action potential 
is elicited (Ion). B) Every VSCT neuron exhibited a greater Ioff than Ion. *** = P < 0.001. 
Student’s t-test. C) The instantaneous frequency of VSCT neuron firing during the ramp 
test showed the same slope on the upward ramp (in black) and the downward ramp (in 





Figure 4.5. VSCT neurons exhibit an h-current. A) A P4 L2 VSCT neuron exhibiting a sag 
and post-inhibitory rebound to negative current injection. The sag and post-inhibitory 
rebound are time-dependent and can result in action potential production, as shown in 
the three superimposed traces. B) The sag and post-inhibitory rebound are also voltage-
dependent and the post-inhibitory rebound can result in action potential production, as 
demonstrated in the two superimposed traces. C) Under application of ZD7288 (an HCN 
channel antagonist) (100µM), the sag (red arrowhead) and post-inhibitory rebound (blue 
arrowheads) are abolished. The sag and post-inhibitory rebound return upon washout of 
ZD7288. Parallel lines (in top traces in C) indicate that the action potential (AP) has been 
truncated. D) Reduction of sag amplitude following application of ZD7288 in three VSCT 
neurons. E) Reduction of post-inhibitory rebound amplitude following application of 




Figure 4.6. Passive and active membrane properties of VSCT neurons following ZD7288 
exposure. A) Superimposed traces from a current/voltage (I/V) plot for a P4 L2 VSCT 
neuron before and after application of ZD7288. Input resistance and time constant 
increased under ZD7288, while rheobase decreased and the threshold for action potential 
induction remained the same. B) Spontaneous activity at resting membrane potential 
before and after application of ZD7288. ZD7288 decreased the resting membrane 






Figure 4.7. VSCT neurons are dye-coupled to other VSCT neurons through gap junctions. 
An example of a P4 L2 VSCT neuron which was filled with Neurobiotin during intracellular 
recording and revealed post-hoc with the Avidin-Biotin complex (red). VSCT neurons 
(green) near the recorded neuron were found to be dye-coupled by Neurobiotin as 
revealed by Avidin-Biotin complex staining. Note that the dye-coupled VSCT neuron 






Figure 4.8. Intrinsic properties of P3-P5 L1/L2 VSCT neurons. A) Resting membrane 
potential. N = 22. B) Threshold for action potential induction (Vthr). N = 21. C) Soma size. 
N = 8. D) Input resistance (Rin). N = 21. E) Rheobase. N = 21. F) Time constant (tau). N 





Figure 4.9. Input resistance is inversely correlated with rheobase and directly correlated 
with time constant for P3-P5 L1/L2 VSCT neurons. A) Linear regression of rheobase and 
input resistance (Rin). *** = P < 0.001. r2 = 0.56. B) Linear regression of time constant 






Figure 4.10. VSCT neuron firing pattern. A) Traces from a P5 L1 VSCT neuron during a 
frequency/current (F/I) plot. The VSCT neuron exhibits tonic firing with increased positive 
current injection. B) Maximum firing frequency observed during current injection. C) 
Frequency of spontaneous action potentials at the resting membrane potential of the 




Figure 4.11. VSCT neurons exhibit a large after-hyperpolarization. A) Trace from a single 
action potential from a P5 L1 VSCT neuron with a large after-hyperpolarization (AHP). 
Parallel lines indicate that the action potential (AP) has been truncated. B) Amplitude of 
the AHP for all VSCT neurons recorded from. The mean ± SEM is shown. C) Duration of 







Ventral spinocerebellar tract neurons are necessary and sufficient for 
the production of locomotor-like behavior 
 
5.1 Adeno-associated viruses and lentivirus do not specifically transduce ventral 
spinocerebellar tract neurons 
 In order to address questions pertaining to the functional role of ventral 
spinocerebellar tract neurons in the context of locomotor behavior, a method of 
influencing and manipulating VSCT neuron activity was needed. As there are no known 
genetic markers for VSCT neurons, viral transduction was tested as a possible method 
for gene delivery to VSCT neurons.  The unique anatomical position of VSCT neurons, 
with their soma in the spinal cord grey matter and their main axonal terminals in the 
cerebellum (since these neurons form the connection between the spinal cord and the 
cerebellum), permitted the usage of retrograde gene delivery through injection of a viral 
vector into the cerebellum.  
 Recombinant adeno-associated viruses (AAVs) are often the preferred viral 
method to deliver genes into cells due to their high titer, low immune response, and high 
infectivity (Naso et al., 2017). The tropism of the virus and its transduction efficiency is 
dependent upon the serotype, determined by the capsid protein sequence (Van Vliet et 
al., 2008). Most of the AAVs used for gene delivery today are hybrid AAVs, or 
pseudotyped, which contain the genome and capsid from different viral serotypes 
(Vandenberghe et al., 2009). Typically, the genome of serotype 2 is used and the capsid 
can vary. These serotypes are denoted with a slash (i.e. AAV2/1 is an AAV with the 
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genome from serotype 2 and the capsid from serotype 1), although often the genomic 
serotype and slash is not used and it is assumed that the genome is from serotype 2. In 
this fashion, cellular tropism and transduction efficiency can be varied between different 
AAV vectors.  
 Since many scientists use AAVs as a major method of gene delivery, I conducted 
a literature search to determine which AAVs are reported to possibly transduce neurons 
in a retrograde fashion. Either due to previous studies reporting retrograde infectivity or 
unknown tropism due to the novelty of the AAV vector, I created a list of 7 AAVs which 
could be potentially used to transduce VSCT neurons: AAV2/1, rAAV2-retro, AAV2/5, 
AAV2/6, AAV2/9, AAV2/10, and AAV-DJ. Due to the need to reliably and robustly 
manipulate VSCT neuron activity in order to study the functional role of VSCT neurons, I 
methodically tested each of these different AAV vectors to determine if their tropism and 
efficiency permitted reliable gene delivery to VSCT neurons.  
 AAV2/1 is one of the most widely-used AAV vectors and is known to exhibit strong 
tropism towards neurons (Kiyota et al., 2012). Therefore, AAV2/1 driving tdTomato 
expression was tested by injection into the cerebellum of P0 wild type mice. CTb-488 was 
mixed with the AAV2/1 vector in order to label VSCT neurons. After allowing several days 
for gene delivery and tdTomato expression, the lumbar spinal cord was sectioned and 
examined for tdTomato expression within VSCT neurons. However, no VSCT neurons 
(evident by presence of the CTb-488 signal) were found that expressed tdTomato (n=3) 
(Fig. 5.1). Furthermore, despite the fact that the virus was injected directly into the 
cerebellum, transduced motor neurons were found that did express tdTomato, likely due 
to a small amount of leakage of the virus into the cerebrospinal fluid or bloodstream. 
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Therefore, AAV2/1 was determined to be ineffective at transducing VSCT neurons 
through a retrograde fashion.  
 A recently discovered variant of AAV2 has been published which exhibits 
increased retrograde infectivity, providing increased access to projection neurons (Tervo 
et al., 2016). This variant was discovered through in vivo directed evolution and has been 
termed rAAV2-retro. Therefore, rAAV2-retro driving GFP expression and CTb-555 were 
co-injected into the cerebellum of P0 wild type mice. Several days following injection, the 
lumbar spinal cord was examined for GFP expression within VSCT neurons. At P4, there 
was evidence of effective transduction of VSCT neurons with rAAV2-retro as determined 
through co-localization of GFP with CTb-555 (n=4) (Fig. 5.2A). However, motor neurons 
were also found to express GFP, again likely due to a small amount of leakage of the 
virus into the cerebrospinal fluid or bloodstream. Therefore, although rAAV2-retro was 
effective in transducing VSCT neurons in a retrograde fashion, its specificity for VSCT 
neurons was low and it could not be used to specifically manipulate VSCT neuron activity 
without manipulating motor neuron activity. 
 Since AAV2/5 is also known to transduce neurons in the mouse brain in a 
retrograde fashion (Aschauer et al., 2013), I next tested AAV2/5 driving GFP through co-
injection with CTb-555 into the cerebellum of P0 wild type mice. At P13 in the lumbar 
spinal cord, there was no evidence of transduction of VSCT neurons with AAV2/5 (n=3) 
(Fig. 5.2B). However, rare motor neurons were found which did express GFP as in the 
previously tested viruses. Therefore, AAV2/5 was determined to be ineffective at 
transducing VSCT neurons through a retrograde fashion. 
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 AAV2/6 has also been published to transduce neurons in the mouse brain in a 
retrograde fashion (Löw et al., 2013). Therefore, AAV2/6 driving GFP and CTb-555 were 
co-injected into the cerebellum of P0 wild type mice. At P13 in the lumbar spinal cord, 
there was no evidence of VSCT neuron transduction with AAV2/6 (n=3) (Fig. 5.2C). 
However, as with AAV2/5, rare motor neurons were found which did express GFP. 
Therefore, I concluded that similar to the other AAVs, AAV2/6 was ineffective at 
transducing VSCT neurons through a retrograde fashion. 
 AAV2/9 is known to transduce motor neurons when injected 
intracerebroventricular or intramuscular in a retrograde fashion (Simon et al., 2017; 
Mende et al., 2016). Therefore, AAV2/9 driving GFP and CTb-555 were co-injected into 
the cerebellum of P0 wild type mice. At P4, the lumbar spinal cord showed no evidence 
of VSCT neuron transduction with AAV2/9 (n=4) (Fig. 5.3A). However, there was very 
strong GFP-labeling of both motor neurons and proprioceptive fibers similar to that seen 
when AAV2/9 is injected intramuscular or intracerebroventricular (Simon et al., 2017; 
Mende et al., 2016). In this case, the strong labeling is likely due to the high tropism of 
AAV2/9 for motor neurons and proprioceptive neurons coupled with the high titer of the 
virus used and leakage into the cerebrospinal fluid or bloodstream. Therefore, AAV2/9 
was also determined to be ineffective at transducing VSCT neurons through a retrograde 
fashion. 
 AAV2/10 is a newer AAV vector with relatively unknown tropism and transduction 
efficiency. AAV2/10 driving GFP and CTb-555 were therefore co-injected into the 
cerebellum of P0 wild type mice. At P10, in the lumbar spinal cord, there was no evidence 
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of VSCT neuron transduction with AAV2/10 (n=3) (Fig. 5.3B). Therefore, AAV2/10 was 
determined to be ineffective at transducing VSCT neurons through a retrograde fashion. 
 Finally, a new method for designing AAVs involves gene shuffling, creating 
chimera capsids which have peptide sequences from multiple “wild-type” AAV serotypes 
(Grimm et al., 2008). This technique greatly expands the production of new AAVs, each 
of which may exhibit unique tropism and efficiency. The first AAV published from this 
technique, AAV-DJ, exhibits a greater transduction efficiency than any of the “wild-type” 
AAV serotypes it was created from (Grimm et al., 2008). Therefore, AAV-DJ driving GFP 
and CTb-555 were therefore co-injected into the cerebellum of P0 wild type mice. At P14, 
in the lumbar spinal cord, there was no evidence of VSCT neuron transduction with AAV-
DJ (n=3) (Fig. 5.3C). However, there was evidence of cellular expression of GFP within 
some cells of the white matter of the spinal cord, likely glial cells. Therefore, AAV-DJ was 
determined to be ineffective at transducing VSCT neurons through a retrograde fashion. 
 Next, we turned to lentiviruses to attempt to deliver genes to VSCT neurons. 
Lentivirus is a well-established gene delivery method within the central nervous system 
and other tissues (Naldini et al., 1996). Lentivirus driving GFP expression was co-injected 
with CTb-555 into the cerebellum of P0 wild type mice. At P14, in the lumbar spinal cord, 
there was no evidence of VSCT neuron transduction with lentivirus (n=3) (Fig. 5.4A). 
Lentivirus, because it is a retrovirus, is known to take longer than AAVs to transduce cells 
(Howarth et al., 2010). Therefore, some mice were examined at P21 to determine if a 
longer period of time is needed to allow for lentivirus transduction and expression within 
VSCT neurons. However, at P21, there was no evidence of VSCT neuron transduction in 
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the lumbar spinal cord (n=4) (Fig. 5.4B). Therefore, lentivirus was determined to be 
ineffective at transducing VSCT neurons through a retrograde fashion. 
 
5.2 Rabies virus can specifically transduce ventral spinocerebellar tract neurons 
 Rabies virus is well-known to be effective at retrograde gene delivery and has been 
used successfully in several circuits within the central and peripheral nervous system 
(Ugolini, 1995; Nassi et al., 2005; Wickersham et al., 2007; Reardon et al., 2016; Hoang 
et al., 2018). The SAD-B19 construct is one of the most widely-used rabies viruses 
(Schnell et al., 1994; Wickersham et al., 2007) and was therefore examined for its 
capacity to transduce VSCT neurons. A glycoprotein-deficient version was used in order 
to prevent transmission of the virus in a trans-synaptic manner, thereby restricting 
expression to only the first-order neurons transduced following injection. A rabies B19 
construct driving GFP expression was co-injected with CTb-555 into the cerebellum of P0 
wild type mice. At P5, the lumbar spinal cord showed effective transduction of VSCT 
neurons with rabies B19 as determined through co-localization of GFP with CTb-555 
(n=5) (Fig. 5.5A). Notably, there was no transduction of motor neurons with rabies B19, 
nor was there transduction of any other neuron or cell within the spinal cord. Therefore, 
rabies B19 is a method that permits specific transduction of VSCT neurons through 
retrograde gene delivery following cerebellum injections. 
 A recently published rabies virus variant, CVS-N2c, has been reported to 
demonstrate increased transduction efficiency as well decreased cellular toxicity as 
compared to the SAD-B19 construct (Reardon et al., 2016). Given these reported 
beneficial properties, it was examined for its capacity to transduce VSCT neurons. Again, 
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glycoprotein-deficient versions were used in order to prevent transmission of the virus in 
a trans-synaptic manner. A rabies N2c construct driving GFP or Dsred expression was 
injected into the cerebellum of P0 wild type mice. At P7-P9, the lumbar spinal cord showed 
effective transduction of VSCT neurons with rabies N2c (n=4) (Figs. 5.5B and 5.5C). As 
with B19, there was no transduction of motor neurons, other neurons, or other cells within 
the spinal cord. Rabies N2c, therefore, represents a second method that permits specific 
transduction of VSCT neurons through retrograde gene delivery. 
 The rabies virus approach exhibited two major barriers to successful use as a 
means to manipulate VSCT neuron activity. First, the number of VSCT neurons 
transduced remained low. At most, ~1/3 of VSCT neurons were transduced by either 
rabies virus strain at peak transduction, although many sections and experiments showed 
less transduction (Fig. 5.5). The N2c strain showed a slower time course for transduction, 
requiring ~1 week for successful transduction at a reasonable transduction efficiency. By 
P5, for instance, there was very low transduction of VSCT neurons with N2c (Fig. 5.6). 
Secondly, there was notable toxicity observed with the usage of rabies virus, especially 
with rabies B19. For the B19 strain, by P6, only one day following successful transduction 
of VSCT neurons, transduced VSCT neurons were no longer found in the lumbar spinal 
cord (Fig. 5.7). Instead, only occasional staining of processes was observed, presumably 
representing debris from neurites of dead VSCT neurons. Together, the issues with rabies 
virus transduction efficiency and time course along with the associated cellular toxicity 
prevented the usage of rabies virus of either strain, B19 or N2c, to successfully 





5.3 Canine adenovirus type 2 can specifically transduce ventral spinocerebellar 
tract neurons 
 Canine adenovirus type 2 (CAV2) is another viral method known to transduce 
neurons in a retrograde fashion from axon terminals (Soudais et al., 2001; Junyent and 
Kremer, 2015). It has been shown to be effective for motor, sensory, and central neurons 
in vivo. Furthermore, there has been minimal reported toxicity associated with this virus 
as well as quick and stable transgene expression following transduction. 
 In order to determine if CAV2 could be effective in transducing VSCT neurons, a 
CAV2 driving GFP expression was co-injected with CTb-555 into the cerebellum of P0 
wild type mice (Fig. 5.8A). At P5, the lumbar spinal cord was sectioned and stained for 
ChAT to label the motor neurons. The CAV2 construct was able to effectively transduce 
VSCT neurons as determined through co-localization of GFP with CTb-555. Notably, no 
other neurons nor other cells in the spinal cord were found to be transduced by CAV2. 
57.8 +/- 6.9% of VSCT neurons (total number of VSCT neurons was determined by CTb-
555 fluorescence) were transduced by the CAV2 viral vector by P5 (n=3) (Fig. 5.8B).  
As discussed above, toxicity and cell death were found to be issues preventing the 
usage of rabies virus to manipulate VSCT neuron activity. To determine if toxicity 
remained a concern with CAV2, the spinal cords from mice that were injected 
intracerebellar with CAV2-GFP at P0 were examined at P21. Three weeks following 
injection, transgene expression remained stable in lumbar VSCT neurons, as they were 
found to continue to express GFP (Fig. 5.8A). Furthermore, there was no evidence of cell 
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death, as determined through either the lack of CTb+ neurons or the presence of GFP+ 
debris from neurites of dead VSCT neurons. 
Therefore, CAV2 was found to be a tool that could reliably, effectively, and 
specifically transduce VSCT neurons through retrograde gene delivery following 
cerebellum injections in vivo. Its rapid and stable expression coupled with a lack of 
associated toxicity meant that CAV2 could potentially be used in order to manipulate 
VSCT neuron activity to study the functional role of VSCT neurons. 
 
5.4 Activation of ventral spinocerebellar tract neurons produces locomotor-like 
activity 
 Having established a method for reliable introduction of genes to VSCT neurons, 
this tool was then used in order to introduce genes to allow for VSCT neuron manipulation. 
Activation of VSCT neurons was tested to examine its effect on motor production. In order 
to activate VSCT neurons, CAV2 driving the expression of either Cre recombinase or Cre 
recombinase and GFP was injected into the cerebellum of P0 floxed-Channelrhodopsin2 
mice. CTb-555 was co-injected at the same time in order to label VSCT neurons. At P3-
P6, the lumbar spinal cord was sectioned and, following confocal microscopy, it was found 
that the CAV2-Cre or CAV2-CreGFP virus was able to effectively and specifically 
transduce VSCT neurons as with the CAV2-GFP virus (Fig. 5.9A). Importantly, no other 
neurons nor cells in the spinal cord were found to be transduced by CAV2. 
 The ex vivo neonatal spinal cord preparation was then prepared from floxed-
Channelrhodopsin2 mice injected at P0 with CAV2-Cre or CAV2-CreGFP in the 
cerebellum for recordings at P3-P6. Motor neuron activity was recorded from the L1 and 
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L5 segments bilaterally in order to allow for assessment of locomotor-like activity. 
Locomotor-like activity was defined as cyclical motor behavior with alternation between 
the left and right side of the spinal cord as well as alternation between the L1/L2 and 
L5/L6 segments (Jiang et al., 1999; Otsuka and Konishi, 1974; Whelan et al., 2000; 
Bonnot et al., 2002). In order to activate VSCT neurons, 470nm light was delivered 
through an LED to the L1/L2 segments bilaterally, the most rhythmogenic segments of 
the spinal cord (Cazalets et al., 1995; Kjaerulff and Kiehn, 1996; Marcoux and Rossignol, 
2000) (Fig. 5.9B). 
 The LED was placed to illuminate the ventral side of the spinal cord in order to 
activate VSCT neurons. Following photoactivation of VSCT neurons, remarkably, the 
spinal cord produced robust locomotor-like activity (n=8) (Fig. 5.9C). All the hallmarks of 
locomotor-like activity were observed: cyclical activity, alternation between the left and 
right side, and alternation between flexors and extensors. In order to rule out the 
involvement of dorsal spinocerebellar tract (DSCT) neurons in facilitating the production 
of locomotor-like activity following photoactivation, the LED was then placed on the dorsal 
side of the spinal cord in order to activate DSCT neurons instead. Following DSCT neuron 
photoactivation, no locomotor activity, nor motor behavior of any kind, was observed (n=3) 
(Fig. 5.9D). These findings provided evidence that VSCT neuron, and not DSCT neuron, 
activation is sufficient to induce locomotor-like activity in the neonate ex vivo spinal cord. 
 The three major known methods for inducing locomotor-like activity in the spinal 
cord are sensory stimulation, motor neuron stimulation, and application of a 
pharmacological cocktail of drugs consisting of NMDA, serotonin, and dopamine (Whelan 
et al., 2000; Kjaerulff and Kiehn, 1996; Mentis et al., 2005; Marchetti et al., 2001). It is 
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known that sensory stimulation and motor neuron stimulation produce locomotor-like 
activity with the same cycle frequency, whereas the pharmacological cocktail produces 
locomotor-like activity at a slower cycle frequency (Bonnot et al., 2002). Therefore, the 
frequency of locomotor cycles produced following photoactivation of VSCT neurons was 
compared to that following sensory stimulation, motor neuron stimulation, and application 
of the pharmacological cocktail (Fig. 5.9E). The locomotor frequency following VSCT 
neuron photoactivation was 1.15 +/- 0.18 Hz (n=8). The locomotor frequency following 
sensory stimulation was 0.75 +/- 0.07 Hz (n=10). The locomotor frequency following 
motor neuron stimulation was 0.93 +/- 0.09 Hz (n=5). Finally, the locomotor frequency 
following pharmacological cocktail application was 0.26 +/- 0.04 Hz (n=5). The cycle 
frequency showed no statistically significant difference between VSCT neuron 
photoactivation, sensory stimulation, and motor neuron stimulation (p > 0.05). However, 
the pharmacological cocktail showed a slowed frequency compared to any of the other 
methods for locomotor-like activity induction (p < 0.001 for pharmacological cocktail vs. 
VSCT photoactivation; p < 0.01 for pharmacological cocktail vs. motor neuron stimulation; 
p < 0.01 for pharmacological cocktail vs. sensory stimulation). Therefore, photoactivation 
of VSCT neurons likely induced activation of the same spinal networks in a similar fashion 
to that from other known methods of locomotor-like activity induction. 
 Neurons responsible for generating rhythmic behavior in other networks are known 
to exhibit intrinsic rhythmogenic properties (Getting, 1989; Pape, 1996; Lüthi and 
McCormick, 1998; Marder and Bucher, 2001). In addition, VSCT neurons were found to 
contain a pacemaker current, driven by Ih (Figs. 4.5 and 4.6). Ih is involved in generating 
rhythmic properties in neurons, such as in the thalamus and the inferior olive (Pape, 1996, 
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Lüthi and McCormick, 1998; Llinás and Yarom, 1986, Bal and McCormick, 1997). 
Therefore, we asked whether Ih is necessary in order to generate locomotor-like activity 
in the spinal cord following VSCT neuron photoactivation. First, VSCT neurons 
expressing Channelrhodopsin2 (CAV2-Cre or CAV2-CreGFP cerebellum injections into 
floxed-Channelrhodopsin2 mice) were photoactivated at P3-P6 to induce locomotor-like 
activity (Fig. 5.10A). Bath application of ZD7288 to block HCN channels and therefore the 
h-current abolished the production of locomotor-like activity following VSCT neuron 
photoactivation (n=3) (Fig. 5.10B). This finding provides evidence that the h-current is 
necessary in order to produce locomotor-like activity following photoactivation of VSCT 
neurons. 
 Lastly, as discussed earlier, electrical coupling is an important rhythmogenic factor 
in several circuits (Getting et al., 1980; Eisen and Marder, 1982; Rekling et al., 2000). 
VSCT neurons were found to exhibit electrical coupling to other VSCT neurons (Fig. 4.7) 
as well as to motor neurons (Figs. 3.12, 3.13, and 3.15). We asked, therefore, whether 
electrical coupling via gap junctions in the spinal cord is necessary to produce locomotor-
like activity following VSCT neuron photoactivation. First, photoactivation of VSCT 
neurons expressing Channelrhodopsin2 produced robust locomotor-like activity (Fig. 
5.11A). Blockade of gap junction communication to prevent electrical coupling via bath 
application of carbenoxolone abolished locomotor-like activity induction following VSCT 
neuron photoactivation (n=3) (Fig. 5.11B). Finally, washout of the carbenoxolone was 
achieved by perfusing the chamber and spinal cord with fresh aCSF. Following washout, 
there was a partial recovery of the production of locomotor-like activity following VSCT 
neuron photoactivation (Fig. 5.11C). These results led to the conclusion that gap 
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junctions, in addition to the h-current, are necessary for the production of locomotor-like 
activity following VSCT neuron photoactivation. 
 
5.5 Ventral spinocerebellar tract neurons are necessary for the production of 
locomotor-like activity 
 Thus far VSCT neuron activation was found to be capable of inducing the 
production of locomotor-like activity. It was unknown, however, whether this represented 
an artificial method of locomotor-like activity induction or whether VSCT neurons were 
also involved in the production of locomotor-like activity through the other methods of its 
induction. In other words, it was possible that this type of locomotor-like activity, following 
VSCT neuron activation, was an epiphenomenon of locomotion, but not an active part of 
normal locomotion. To differentiate between these two possibilities, VSCT neurons were 
silenced in order to prevent their activity from influencing spinal cord networks. 
 To silence VSCT neurons, a chemogenetic approach analogous to the optogenetic 
approach for activation was chosen. Floxed-inhibitory DREADDs (designer receptor 
exclusively activated by designer drugs) mice were used, which express the hM4Di 
receptor, a mutant muscarinic G-protein-coupled receptor which is responsive to the 
selective exogenous ligand clozapine N-oxide (CNO) (Roth, 2016; Urban and Roth, 
2015). The hM4Di receptor can activate G protein inwardly rectifying potassium channels 
leading to hyperpolarization and an attenuation in neuronal firing. Additionally, because 
this receptor is present in presynaptic terminals, it has been shown cause synaptic 
silencing through inhibition of presynaptic release of neurotransmitters (Stachniak et al., 
2014). The chemogenetic approach enabled bath application of an exogenous drug 
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(CNO) to silence VSCT neurons, permitting silencing of VSCT neurons throughout the 
spinal cord rather than silencing VSCT neurons of a specific segment or segments. CAV2 
driving either Cre recombinase or Cre recombinase and GFP expression was injected 
into the cerebellum of P0 floxed-inhibitory DREADDs mice, along with CTb-555 to label 
VSCT neurons. At P3-P6, the CAV2 virus was able to effectively and specifically 
transduce VSCT neurons, with no evidence of transduction of other spinal cord cells (Fig. 
5.12A). 
The ex vivo neonate spinal cord preparation was then prepared from floxed- 
inhibitory DREADDs mice injected at P0 with CAV2-Cre or CAV2-CreGFP in the 
cerebellum. At P3-P6, locomotor-like activity was induced via sensory stimulation of either 
the L5 dorsal root or the S3 dorsal root ganglion (Fig. 5.12B). Bath application of CNO 
activated the inhibitory DREADDs receptor which activated potassium channels causing 
potassium efflux and hyperpolarization with resulting silencing of VSCT neurons. In the 
presence of CNO, the preparation was no longer able to produce locomotor-like activity 
through the same sensory stimulation (n=5). Upon washout of the CNO with fresh aCSF, 
locomotor-like activity production following sensory stimulation readily returned. The 
number of locomotor cycles produced per each trial of sensory stimulation (electrical 
stimulation of sensory neurons lasted 10 seconds) was 7.1 +/- 1.0 prior to CNO 
administration (Fig. 5.12C). After CNO application, the number of cycles decreased to 0.7 
+/- 0.2 (p < 0.01 for pre-CNO compared to CNO). Washout of CNO returned the number 
of locomotor cycles to 7.3 +/- 0.7 (p < 0.01 for CNO compared to washout). 
Then, the inhibitory DREADDs preparation was tested for whether VSCT neurons 
were also necessary for the production of locomotor-like activity following motor neuron 
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stimulation. Electrical stimulation of the L5 ventral root before application of CNO 
produced robust locomotor-like activity (Fig. 5.13A). Following bath application of CNO, 
locomotor-like activity was no longer produced following the same ventral root stimulation 
(n=4). Washout of CNO permitted the re-emergence of ventral root stimulation-mediated 
locomotor-like activity. The number of locomotor cycles produced during each trial of 
motor neuron stimulation (lasting 10 seconds total) was 5.0 +/- 0.7 prior to CNO 
administration (Fig. 5.13B). Upon silencing of VSCT neurons via CNO application, the 
number of cycles decreased to 0.0 +/- 0.0 (p < 0.01 for pre-CNO compared to CNO). 
Washout of CNO returned the number of cycles to 2.9 +/- 1.0 (p < 0.05 for CNO compared 
to washout). 
Next, application of a pharmacological cocktail of NMDA, serotonin, and dopamine 
was applied to the inhibitory DREADDs preparation to test whether VSCT neurons are 
necessary for locomotor-like activity production through the pharmacological approach. 
Application of the locomotor pharmacological cocktail produced robust locomotor-like 
activity (Fig. 5.14A). Bath application of CNO totally abolished locomotor-like activity 
under the pharmacological cocktail (n=3). The frequency of locomotor cycles produced 
by the pharmacological cocktail prior to CNO administration was 0.31 +/- 0.03 Hz (Fig. 
5.14B). Upon CNO bath application and VSCT neuron silencing, the frequency of 
locomotor cycles decreased to 0.0 +/- 0.0 Hz (p < 0.05 for pre-CNO compared to CNO). 
As a negative control, to rule out potential confounds due to either the CAV2 virus 
or CNO application itself playing a role in the observed results on locomotion, CAV2 
driving GFP expression was injected into the cerebellum of P0 floxed-inhibitory 
DREADDs mice. CTb-555 was co-injected to label VSCT neurons. At P3-P6, the ex vivo 
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spinal cord was driven to produce locomotor-like activity through sensory stimulation of 
either the L5 dorsal root or the S3 dorsal root ganglia (Fig. 5.15A). Bath application of 
CNO had no effect on the production of locomotor-like activity following sensory 
stimulation (n=3). The number of locomotor cycles produced per each trial of sensory 
stimulation prior to CNO administration was 5.6 +/- 1.3 (Fig. 5.15B). Following CNO 
application, the number of cycles remained steady at 5.9 +/- 0.9 (p > 0.05 for pre-CNO 
compared to CNO). Therefore, neither CNO nor CAV2 per se had any effect on the 
production of locomotor-like activity. 
Given the remarkable finding that VSCT neurons are necessary for the production 
of locomotor-like activity, we then sought a method to verify this result independently. 
Furthermore, we wanted to know if VSCT neurons of specific segments, the rhythmogenic 
L1/L2 segments (Cazalets et al., 1995; Kjaerulff and Kiehn, 1996; Marcoux and 
Rossignol, 2000), are necessary for locomotor-like activity production. To address this 
question and provide independent verification, optogenetic inhibition of VSCT neurons 
using Archaerhodopsin-3 was used. In an analogous fashion to the inhibitory DREADDs 
and Channelrhodopsin2 experiments, CAV2-Cre or CAV2-CreGFP was injected into the 
cerebellum of P0 floxed-Archaerhodopsin-3 mice, along with CTb-555 to label VSCT 
neurons. By P5, the CAV2 virus effectively and specifically transduced VSCT neurons, 
with no evidence of transduction of other spinal cord cells (Fig. 5.16A). 
The ex vivo preparation was prepared from these mice such that Archaerhodopsin-
3 was expressed in VSCT neurons. At P4-P6, before silencing VSCT neurons, electrical 
sensory stimulation of the S3 dorsal root ganglion induced robust locomotor-like activity 
(Fig. 5.16C). Then, to silence VSCT neurons, 585nm light was delivered through an LED 
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onto the L1/L2 segments bilaterally on the ventral side of the spinal cord (Fig. 5.16B). 
Following photosilencing of VSCT neurons, the preparation was no longer able to produce 
locomotor-like activity through the same sensory stimulation (n=3) (Fig. 5.16D). The 
number of locomotor cycles produced per each trial of sensory stimulation was 7.8 +/- 1.8 
under control conditions (Fig. 5.16E). Upon bilateral L1/L2 photosilencing of VSCT 
neurons, the number of cycles decreased to 2.6 +/- 0.6 (p < 0.05 for pre-light compared 
to light stimulation). 
These results provided evidence that ventral spinocerebellar tract neurons are 
involved in and necessary to the production of locomotor-like activity through the 
traditional methods of activating the CPG. Thus, the finding that VSCT neuron activation 
induces the production of locomotor-like activity is likely not an epiphenomenon, but 
rather represents a naturally-occurring circuit mechanism.  
 
5.6 Expression of transcription factors in ventral spinocerebellar tract neurons 
 Several papers have reported on spinal interneurons with putative roles in 
rhythmogenesis for locomotor central pattern generators (McLean et al., 2007; McLean 
et al., 2008; Dougherty et al., 2013; Brownstone and Wilson, 2008; Hinckley et al., 2005; 
Calderia et al., 2017). These spinal neurons are typically identified by their expression of 
transcription factors. Given our results that VSCT neurons are involved in generating the 
locomotor rhythm, we sought to determine whether they expressed the transcription 
factors previously reported to be associated with locomotion. 
 In zebrafish, it has been published that the circumferential ipsilaterally descending 
(CiD) neurons are involved in rhythm generation (McLean et al., 2007; McLean et al., 
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2008). These neurons express a transcription factor analogous to ceh-10 homeodomain 
containing homologue (Chx10) in mice (Kimura et al., 2006). In mice, Chx10 marks the 
V2a class of ipsilaterally-projecting excitatory interneurons (Crone et al., 2008; Lundfald 
et al., 2007). However, V2a neurons appear not to be involved in rhythm generation in 
mice as their chronic elimination affects left-right alternation, but not the locomotor 
frequency (Crone et al., 2008; Crone et al., 2009). Nevertheless, despite this apparent 
change in the functional role of V2a interneurons during evolution, VSCT neurons were 
examined for their expression of Chx10. 
 To determine if VSCT neurons express Chx10, VSCT neurons were labeled via 
cerebellum injections of CTb-488 in wild type mice at P0. At P5, following transcardial 
perfusion and overnight fixation, immunohistochemistry against Chx10 was conducted. 
Chx10 was found to not be expressed by VSCT neurons (Fig. 5.17A). 0.8 +/- 0.5% of 
VSCT neurons were found to express Chx10, representing virtually no expression of 
Chx10 within VSCT neurons (n=3) (Fig. 5.17B). 
 Next, a recent study in mice has put forth a set of interneurons marked by the 
expression of the transcription factor short stature homeobox protein 2 (Shox2) as an 
important set of interneurons for rhythm generation (Dougherty et al., 2013). These 
ipsilaterally-projecting excitatory interneurons partially overlap with the V2a class of 
interneurons, expressing Chx10. However, silencing the activity of the entire Shox2 
interneuron population perturbed the locomotor rhythm, whereas silencing the Chx10+ 
interneurons (including the Shox2+/Chx10+ interneurons) did not perturb the rhythm. This 
finding led the authors to deduce that non-V2a (ie. Chx10-) Shox2+ interneurons 
participate in rhythm generation. Of note, silencing the Shox2 interneurons did not prevent 
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the induction of locomotor-like activity, implying that although Shox2 interneurons may be 
involved in rhythm generation, they are not the sole rhythm generating interneurons within 
the spinal cord. VSCT neurons were therefore examined for their expression of Shox2. 
 To determine if Shox2 is expressed by VSCT neurons, VSCT neurons were 
labeled via P0 cerebellum injections of CTb-488 in wild type mice. At P5, following 
transcardial perfusion and overnight fixation, immunohistochemistry against Shox2 was 
conducted. Shox2 was found to be expressed by a small minority of VSCT neurons (n=4) 
(Fig. 5.18A). 6.3 +/- 0.8% of VSCT neurons were found to express Shox2 (the 
denominator representing the number of VSCT neurons as judged by CTb-488 
fluorescence) (Fig. 5.18B). Comparably, VSCT neurons were found to be a small minority 
of Shox2 interneurons. 9.4 +/- 4.3% of Shox2 interneurons were found to be VSCT 
neurons (the denominator in this case representing the number of Shox2 interneurons) 
(Fig. 5.18C). 
 Another neuronal class that has been proposed as a candidate rhythm generator 
are interneurons expressing the Homeobox Protein Hb9 (Brownstone and Wilson, 2008; 
Wilson et al., 2005; Hinckley et al., 2005; Ziskind-Conhaim and Hinckley, 2008; Brocard 
et al., 2010). Although Hb9 is often used as a post-mitotic motor neuron marker (Pfaff et 
al., 1996; Saha et al., 1997), a class of interneurons with rhythmogenic cellular properties 
in the ventromedial spinal cord also transiently express Hb9. Specific manipulation of the 
Hb9 excitatory interneuron class remained elusive for years primarily due to the motor 
neuron expression of Hb9, until a recent study used a knockout of VGluT2 in Hb9-
expressing neurons (by crossing a floxed-VGluT2 knockout mouse to a Hb9Cre mouse) to 
selectively silence the Hb9 excitatory interneurons, while maintaining motor neuron output 
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(Calderia et al., 2017). Analogous to the result with the Shox2 interneurons, the locomotor 
frequency was reduced with no alteration in left-right or flexor-extensor alternation, 
leading to the conclusion that Hb9 excitatory interneurons are involved in rhythm 
generation. Again, locomotor-like activity was not totally abolished, implying that Hb9 
excitatory interneurons are not the sole rhythm generating interneurons within the spinal 
cord. VSCT neurons were therefore examined for their expression of Hb9. 
To determine if VSCT neurons express Hb9, VSCT neurons were labeled via 
cerebellum injections of CTb-488 in wild type mice at P0. At P3, following transcardial 
perfusion and overnight fixation, immunohistochemistry against Hb9 was conducted. Hb9 
was found to not be expressed by VSCT neurons (n=3) (Fig. 5.19A). 0.4 +/- 0.4% of VSCT 
neurons were found to express Hb9, representing virtually no expression of Hb9 by VSCT 




Figure 5.1. VSCT neurons cannot be specifically transduced with AAV2/1. CTb-488 was 
injected into the cerebellum at P0 to retrogradely label VSCT neurons (green) along with 
AAV2/1 driving tdTomato (TdT) expression (red). No VSCT neurons were transduced, 
but putative motor neurons were found to express TdT (yellow arrowheads). TdT 





Figure 5.2. VSCT neurons cannot be specifically transduced with rAAV2-retro, AAV2/5, 
or AAV2/6. A) CTb-555 was injected into the cerebellum at P0 to retrogradely label VSCT 
neurons (red) along with rAAV2 driving GFP expression (green). GFP expression was 
amplified with immunohistochemistry with an anti-GFP antibody and motor neurons were 
identified with anti-ChAT (white). VSCT neurons as well as motor neurons were 
transduced with rAAV2. B) CTb-555 was injected into the cerebellum at P0 to retrogradely 
label VSCT neurons (red) along with AAV2/5 driving GFP expression (green). GFP 
expression was amplified with immunohistochemistry with an anti-GFP antibody and 
motor neurons were identified with anti-ChAT (white). C) CTb-555 was injected into the 
cerebellum at P0 to retrogradely label VSCT neurons (red) along with AAV2/6 driving 
GFP expression (green). GFP expression was amplified with immunohistochemistry with 




Figure 5.3. VSCT neurons cannot be specifically transduced with AAV2/9, AAV2/10 or 
AAV-DJ. A) CTb-555 was injected into the cerebellum at P0 to retrogradely label VSCT 
neurons (red) along with AAV2/9 driving GFP expression (green). Motor neurons were 
identified with anti-ChAT immunoreactivity (white). B) CTb-555 was injected into the 
cerebellum at P0 to retrogradely label VSCT neurons (red) along with AAV2/10 driving 
GFP expression (green). Motor neurons were identified with anti-ChAT immunoreactivity 
(white). C) CTb-555 was injected into the cerebellum at P0 to retrogradely label VSCT 
neurons (red) along with AAV-DJ driving GFP expression (green). Motor neurons were 





Figure 5.4. Lentivirus cannot specifically transduce VSCT neurons. A) CTb-555 was 
injected into the cerebellum at P0 to retrogradely label VSCT neurons (red) along with 
lentivirus driving GFP expression (green). GFP expression was amplified with 
immunohistochemistry with an anti-GFP antibody and motor neurons were identified with 
anti-ChAT (white) at P14. B) Lentivirus-GFP cannot transduce VSCT neurons by P21 





Figure 5.5. Rabies virus can specifically transduce VSCT neurons. A) CTb-555 was 
injected into the cerebellum at P0 to retrogradely label VSCT neurons (red) along with 
glycoprotein-deficient SAD-B19 rabies driving GFP expression (green). Motor neurons 
were identified with anti-ChAT immunoreactivity (white) at P5. Note the partial but 
selective transduction in VSCT neurons appearing in yellow in the merged image. B) 
Glycoprotein-deficient CVS-N2c rabies driving Dsred expression (red) was injected into 
the cerebellum at P0. Motor neurons were identified with anti-ChAT immunoreactivity 
(white) at P7. C) Glycoprotein-deficient CVS-N2c rabies driving GFP expression (green) 
was injected into the cerebellum at P0 along with CTb-555 to retrogradely label VSCT 
neurons (red). Note the partial but selective transduction in VSCT neurons appearing in 




Figure 5.6. Slow time course of VSCT neuron transduction with CVS-N2c rabies. 
Glycoprotein-deficient CVS-N2c rabies driving Dsred expression (red) was injected into 
the cerebellum at P0. Motor neurons were identified with anti-ChAT immunoreactivity 






Figure 5.7. Toxicity associated with transduction of VSCT neurons with SAD-B19 rabies. 
Glycoprotein-deficient SAD-B19 rabies driving GFP expression (green) was injected into 
the cerebellum at P0. Motor neurons were identified with anti-ChAT immunoreactivity 




Figure 5.8. Canine adenovirus 2 (CAV2) can specifically transduce VSCT neurons. A) 
CTb-555 was injected into the cerebellum at P0 to retrogradely label VSCT neurons (red) 
along with CAV2 driving GFP expression (green). Motor neurons were identified with anti-
ChAT immunoreactivity (blue) at P5 and at P21. B) Percentage of VSCT neurons 





Figure 5.9. Optogenetic activation of VSCT neurons can induce locomotor-like activity. A)  
CTb-555 was injected into the cerebellum at P0 to retrogradely label VSCT neurons (red) 
along with CAV2 driving Cre expression in a floxed-Channelrhodopsin2 (ChR2) mouse to 
introduce ChR2 to VSCT neurons (green). B) Schematic of the experimental protocol. 
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Bilateral L1 and L2 segments were illuminated with a 488nm LED, while motor neuron 
activity was recorded from bilateral L1 and L5 segment ventral roots with suction 
electrodes in the ex vivo spinal cord preparation. C) Photoactivation of the ventral L1 and 
L2 segment VSCT neurons elicited the production of locomotor-like activity in the spinal 
cord as assayed by extracellular recording of Left L1, Right L1, and Right L5 motor 
neurons at P3-P6. Blue line represents light delivery. D) Dorsal photoactivation of L1 and 
L2 segment DSCT neurons did not elicit the production of locomotor-like activity. Note, 
for this experiment, the ex vivo spinal cord preparation was flipped over in order to 
illuminate the dorsal aspect of the spinal cord. Blue line represents light delivery. E) 
Comparison of the frequency of the induced locomotor cycles under photoactivation of 
VSCT neurons, sensory stimulation, motor neuron stimulation, and under application of 
the pharmacological cocktail of NMDA (5µM), serotonin (10µM), and dopamine (50µM).. 





Figure 5.10. Blockade of Ih prevents the induction of locomotor-like activity following 
VSCT neuron photoactivation. A) Under control artificial cerebrospinal fluid, 
photoactivation of L1 and L2 segment VSCT neurons through Channelrhodopsin2 (CAV2-
cre cerebellum injections in a floxed-Channelrhodopsin2 mouse) induces locomotor-like 
activity at P3-P6. Blue line represents light delivery. B) Bath application of ZD7288 






Figure 5.11. Blockade of gap junction communication prevents the induction of locomotor-
like activity following VSCT neuron photoactivation. A) Under control artificial 
cerebrospinal fluid (aCSF), photoactivation of L1 and L2 segment VSCT neurons through 
Channelrhodopsin2 (CAV2-cre cerebellum injections in a floxed-Channelrhodopsin2 
mouse) induces locomotor-like activity at P3-P6. Blue line represents light delivery. B) 
Bath application of carbenoxolone (100µM) prevents the induction of locomotor-like 
activity upon photoactivation of VSCT neurons. C) Washout of carbenoxolone with fresh 






Figure 5.12. Chemogenetic silencing of VSCT neurons prevents the induction of 
locomotor-like activity following electrical sensory stimulation. A)  CTb-555 was injected 
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into the cerebellum at P0 to retrogradely label VSCT neurons (red) along with CAV2 
driving CreGFP expression in a floxed-inhibitory DREADDs (designer receptor 
exclusively activated by designer drugs) mouse in order to introduce the inhibitory 
DREADDs receptor to VSCT neurons. Motor neurons were identified with anti-ChAT 
immunoreactivity (blue). B) Under control artificial cerebrospinal fluid (aCSF), electrical 
stimulation of sensory fibers elicited locomotor-like activity at P3-P6. Two extracellular 
ventral root traces are shown for simplicity. Bath application of clozapine-n-oxide (CNO) 
to silence VSCT neurons prevented the induction of locomotor-like activity. Washout of 
CNO with fresh aCSF permitted a full return of locomotor-like activity upon sensory 
stimulation. C) Quantification of the number of locomotor cycles per trial before CNO 






Figure 5.13. Chemogenetic silencing of VSCT neurons prevents the induction of 
locomotor-like activity following stimulation of motor neuron axons. A) Under control 
artificial cerebrospinal fluid (aCSF), electrical stimulation of a ventral root containing motor 
neuron axons elicited locomotor-like activity in the VSCT neuron inhibitory-DREADDs 
preparation (CAV2-creGFP or CAV2-cre cerebellum injections in a floxed-inhibitory 
DREADDs mouse) at P3-P6. Two extracellular ventral root traces are shown for 
simplicity. Bath application of clozapine-n-oxide (CNO) to silence VSCT neurons 
prevented the induction of locomotor-like activity upon motor neuron stimulation. Washout 
of CNO with fresh aCSF permitted a return of locomotor-like activity upon motor neuron 
stimulation. B) Quantification of the number of locomotor cycles per trial before CNO 






Figure 5.14. Chemogenetic silencing of VSCT neurons prevents the induction of 
locomotor-like activity following application of the pharmacological cocktail of NMDA, 
serotonin, and dopamine. A) Under application of NMDA, serotonin, and dopamine the 
VSCT neuron inhibitory-DREADDs preparation (CAV2-creGFP or CAV2-cre cerebellum 
injections in a floxed-inhibitory DREADDs mouse) produced locomotor-like activity at P3-
P6. Two extracellular ventral root traces are shown for simplicity. Bath application of 
clozapine-n-oxide (CNO) to silence VSCT neurons abolished the ongoing locomotor-like 
activity. B) Quantification of the number of locomotor cycles per trial before CNO 





Figure 5.15. Neither CAV2 nor CNO is responsible for the abolishment of locomotor-like 
activity in the chemogenetic silencing experiments. A) CAV2 driving GFP expression 
(CAV2-GFP) was injected into the cerebellum of P0 floxed-inhibitory DREADDs mice as 
a control experiment. At P3-P6, under control artificial cerebrospinal fluid, electrical 
stimulation of sensory fibers elicited locomotor-like activity. Bath application of clozapine-
n-oxide (CNO) had no effect on the induction of locomotor-like activity following sensory 
fiber stimulation. B) Quantification of the number of locomotor cycles per trial before CNO 





Figure 5.16. Optogenetic silencing of VSCT neurons prevents the induction of locomotor-
like activity following electrical sensory stimulation. A)  CTb-555 was injected into the 
cerebellum at P0 to retrogradely label VSCT neurons (red) along with CAV2 driving Cre 
expression in a floxed-Archaerhodopsin-3-GFP (ArchT) mouse to introduce ArchT to 
VSCT neurons (green). B) Schematic of the experimental protocol. Bilateral L1 and L2 
segments were illuminated with a 585nm LED, while motor neuron activity was monitored 
through bilateral L1 and L5 segment ventral roots with extracellular electrodes. C) Prior 
to light illumination, electrical stimulation of sensory fibers elicited locomotor-like activity 
at P3-P6. Two extracellular ventral root traces are shown for simplicity. D) Upon 
photosilencing of VSCT neurons, electrical stimulation of sensory fibers was no longer 
able to elicit locomotor-like activity. Yellow line represents light delivery. E) Quantification 
of the number of locomotor cycles per trial under control conditions and when VSCT 





Figure 5.17. VSCT neurons do not express Chx10. A) CTb-488 was injected into the 
cerebellum at P0 to retrogradely label VSCT neurons (green). Immunohistochemistry was 
conducted against Chx10 (red) at P5. MN: motor neuron. B) Quantification of the 





Figure 5.18. A very small minority of VSCT neurons express Shox2. A) CTb-488 was 
injected into the cerebellum at P0 to retrogradely label VSCT neurons (green). 
Immunohistochemistry was conducted against Shox2 (red) at P5. MN: motor neuron. B) 
Quantification of the percentage of VSCT neurons which express Shox2. C) 





Figure 5.19. VSCT neurons do not express Hb9. A) CTb-488 was injected into the 
cerebellum at P0 to retrogradely label VSCT neurons (green). Immunohistochemistry was 
conducted against Hb9 (red) at P3. Dotted yellow oval represents the approximate 
location of the motor neuron nucleus. B) Quantification of the percentage of VSCT 







Ventral spinocerebellar tract neurons have descending spinal axon 
collaterals permitting the coordination of locomotor-like activity 
 
6.1 Ventral spinocerebellar tract neurons have axon collaterals within the spinal 
cord 
 Remarkably, activation of ventral spinocerebellar tract neurons was found to be 
sufficient to induce locomotor-like activity and silencing of VSCT neurons was found to 
abolish the production of locomotor-like activity. VSCT neurons were also found to contain 
intrinsic rhythmogenic properties. However, how VSCT neurons propagated information 
throughout the spinal cord to coordinate locomotor output remains unknown. The main 
axon of VSCT neurons, by definition, ascends to terminate in the cerebellum. To 
determine if VSCT neurons have axon collaterals within the spinal cord in addition to their 
axonal terminals in the cerebellum, two independent experimental approaches were 
used. 
 First, VSCT neurons were filled with Neurobiotin during intracellular whole-cell 
patch clamp recordings at P3-P5, enabling detailed examination of the neuron’s 
morphology post-hoc with the Avidin-Biotin complex. As previously, VSCT neurons were 
identified based off CTb-488 fluorescence from previous intracerebellar injections at P0 
(Fig. 6.1A). Axons were easily found by nature of their long, typically contralateral, 
trajectory within the ventral horn of the spinal cord. Furthermore, the VSCT neuron axon 
exhibited no decrease of neurite diameter along its length, unlike with dendrites, which 
exhibited a large decrease in diameter over distance. VSCT neurons were found to 
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contain ipsilateral axon collaterals which often branched off near the VSCT neuron soma 
(Fig. 6.1B). 
 Secondly, we found evidence of axon collaterals from VSCT neurons within the 
spinal cord using an independent methodology. Rabies-GFP, of the N2c construct, was 
injected into the cerebellum of wild type mice at P0 in order to permit robust GFP 
expression within VSCT neurons. At P3-P13, the spinal cord was dissected and the tissue 
“cleared” in order to allow visualization of the full cellular architecture without damaging 
the cell due to sectioning (Yang et al., 2014). In this fashion, axon collaterals, in particular 
distant axon collaterals, from VSCT neurons could be more easily discovered and traced 
to the soma. Ipsilateral axon collaterals were found, again often branching near the VSCT 
neuron soma (Fig. 6.2A). Additionally, contralateral axon collaterals were found as well, 
which branched further away from the VSCT soma, sometimes a few segments away 
(Fig. 6.2B). 
 Therefore, VSCT neurons have axon collaterals within the spinal cord, both 
ipsilateral and contralateral to the VSCT neuron soma. These axon collaterals likely are 
the mechanism through which VSCT neurons are able to communicate with spinal 
circuitry in order to influence the production of locomotor-like activity. 
 
6.2 Ventral spinocerebellar tract neurons in flexor-dominated lumbar segments 
send axon collaterals to extensor-dominated lumbar segments  
 Having established that VSCT neurons have spinal axon collaterals in addition to 
their main axon which ascends to the cerebellum as mossy fiber input, we then asked 
where their axon collaterals travel within the spinal cord. In particular, as the 
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Channelrhodopsin2 photoactivation of VSCT neuron experiments focused on L1/L2 
segment VSCT neurons, we asked what segments these L1/L2 VSCT neurons’ axon 
collaterals innervate. 
At P0 or P1, CTb-488 was injected into the cerebellum of wild type to label VSCT 
neurons (Fig. 6.3A). At the same time, CTb-555 was injected into the L4-L6 segments to 
label neurons with output to the L4-L6 region. At P6-P7, the L1-L2 region was sectioned 
and found to contain neurons which contained both CTb-488 and CTb-555 (n=3) (Fig. 
6.3B). Therefore, VSCT neurons were found to contain descending spinal axon 
collaterals. Of note, the L1/L2 region contains predominately flexor motor neurons, 
whereas the L5/L6 contains predominately extensor motor neurons (Kiehn, 2006; 
Gosgnach et al., 2006; Whelan et al., 2000; Bácskai et al., 2014). The implication then is 
that the descending axon collaterals from L1/L2 segment VSCT neurons may be a 
mechanism through which these VSCT neurons coordinate locomotor-like activity with 
regards to alternation between flexor motor neurons and extensor motor neurons. 
 
6.3 Ventral spinocerebellar tract neurons are excitatory and glutamatergic 
 Given that VSCT neurons have spinal axon collaterals, some of which may 
coordinate activity between flexor- and extensor- dominated lumbar segments, we then 
sought to answer what the effect of their activity is on their post-synaptic targets. Vesicular 
glutamate transporter 2 (VGluT2) is known to be the glutamate transporter used by many 
excitatory spinal interneurons (Borgius et al., 2010; Talpalar et al., 2011) and is believed 
to be expressed by VSCT neurons, although no direct evidence has yet been provided 
(Atkinson et al., 2004). Therefore, wild type mice were injected with CTb-488 into the 
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cerebellum at P0 and fluorescence in situ hybridization was conducted to examine VSCT 
neurons for their expression of VGluT2. At P4, 96.3 +/- 3.7% VSCT neurons were found 
to express VGluT2 (n=3) (Fig. 6.4A and B). Therefore, VSCT neurons in the neonate 
mouse are excitatory, using glutamate as a neurotransmitter and VGluT2 as their 
glutamate transporter, thereby likely depolarizing and activating their post-synaptic 
targets. 
 When CTb is taken up by axonal terminals, it gets transported to other axonal 
terminals from that neuron’s axon collaterals (Llewellyn-Smith et al., 1990; Mendelsohn 
et al., 2015). Through this method, synapses from the neuron’s axon collaterals can be 
identified. In this fashion, synapses from VSCT neuron axon collaterals were examined 
following P0 CTb-488 cerebellum injections (Fig. 6.5). Immunohistochemistry against 
VGluT2 showed the presence of VGluT2 in the axonal terminals from VSCT neurons, 
providing confirmatory evidence that VSCT neurons are excitatory, using glutamate as a 
neurotransmitter and VGluT2 as their glutamate transporter. 
 
6.4 Ventral spinocerebellar tract neurons can synaptically activate motor neurons 
 In order to determine if VSCT neurons could impact motor neuron firing directly, 
i.e. if VSCT neurons could synaptically activate motor neurons, immunohistochemistry for 
morphological evidence of VSCT neuron-to-motor neuron synapses was conducted. 
Motor neurons in spinal cords from experiments in which VSCT neurons were 
intracellularly filled at P3-P5 were retrogradely labeled via application of a Dextran 
fluorescent dye to the cut ventral root. Immunohistochemistry against synaptophysin was 
conducted to label synapses. Axons from VSCT neurons were followed to find their spinal 
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axon collaterals which were in turn followed and found to make synaptophysin+ contacts 
onto dendrites from motor neurons (Fig. 6.1C). 
 This method of revealing putative synapses from VSCT neurons to motor neurons 
is powerful in that the synapse can be traced back to the soma from which it originates. 
However, with current methodology it is a time-intensive and laborious process which 
cannot reveal the extent to which VSCT neurons might contact motor neurons. Therefore, 
CTb-488 was injected into the cerebellum in order for it to be transported to VSCT 
neurons and to their spinal axonal terminals from their axon collaterals (Llewellyn-Smith 
et al., 1990; Mendelsohn et al., 2015). When combined with immunohistochemistry 
against VGluT2 to label synapses and ChAT to label motor neurons, VSCT neurons were 
found to make robust contacts onto the soma of motor neurons (Fig. 6.5). As a caveat, 
this experiment cannot rule out that the CTb-488 terminals onto motor neurons originate 
from dorsal spinocerebellar tract (DSCT) neurons rather than VSCT neurons. However, 
a notable subset of DSCT neurons, Clarke’s Column, express VGluT1 rather than VGluT2 
(Malet et al., 2013; Llewellyn-Smith, 2007; Yuengert et al., 2015), so the putative 
synapses cannot arise from that population. Furthermore, in a few experiments involving 
rabies virus expressing GFP, there were no DSCT neurons labeled (for reasons that are 
currently not understood), while VSCT neurons were labeled. Importantly, VGluT2+ 
synapses which were GFP+ on motor neurons were observed, therefore making the most 
likely interpretation of this result that VSCT neurons form putative synapses onto motor 
neurons. 
 In order to determine the physiological significance of this potential synaptic 
connection and whether firing in VSCT neurons could influence motor neuron activity, the 
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cerebellum was electrically stimulated while motor neuron activity was monitored 
extracellularly at P3-P5. Cerebellum stimulation caused robust responses in L1 segment 
motor neurons as recorded from the ventral root (Fig. 6.6A). However, due to the high 
stimulation intensities needed in order to elicit a response in the motor neurons (~1-5 mA, 
depending on the specific experiment), spread of electrical current from the cerebellum 
to the brainstem or other structures could not be ruled out. If electrical current did spread, 
then the recorded response might not represent VSCT neuron firing causing motor 
neuron activity. Of note though, the stimulation intensities were similar to those found 
necessary in order to induce antidromic action potentials in VSCT neurons when 
recording intracellularly, suggesting that there might not be spread of electrical current to 
other structures (Fig. 3.8). Additionally, the latency of the motor neuron response was a 
few milliseconds longer than the latency of the antidromic action potential in VSCT 
neurons (Fig. 3.8), likely accounting for synaptic delay. 
 To remove the confound of potential spread of electrical stimulation, specific VSCT 
neuron stimulation was achieved through Channerhodopsin2 expression in VSCT 
neurons. CAV2 driving the expression of either Cre recombinase or Cre recombinase and 
GFP was injected into the cerebellum of P0 floxed-Channelrhodopsin2 mice. The ex vivo 
spinal cord preparation was isolated at P3-P5 to monitor the motor neuron activity 
extracellularly. L1 motor neurons were found to exhibit a response to photoactivation of 
VSCT neurons (n=3) (Fig. 6.6B).  
 Together, these results imply that VSCT neurons can synaptically activate motor 
neurons and influence their output. Interestingly, since motor neurons also form synapses 
onto VSCT neurons (Figs. 3.9 - 3.15), my results suggest that a novel microcircuit is 
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formed between motor neurons and VSCT neurons. This microcircuit may represent a 




Figure 6.1. VSCT neurons have spinal axon collaterals which contact motor neurons. A) 
A P4 L2 VSCT neuron was filled with Neurobiotin during intracellular recording and 
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revealed post-hoc with the Avidin-Biotin complex (red). CTb injection into the cerebellum 
at P0 verified that the recorded cell was a VSCT neuron (green). Motor neuron axon 
collaterals and boutons were identified via a dextran dye applied to the cut ventral root 
(via an overnight retrograde fill) following the recording session (blue). Yellow arrows 
mark the contralaterally-projecting VSCT neuron axon. B) A magnified view of the VSCT 
neuron reveals that it exhibits ipsilateral spinal axon collaterals close to the soma of the 
neuron (yellow arrow). C) Immunohistochemistry against synaptophysin (white) revealed 






Figure 6.2. “Clearing” of the spinal cord reveals that VSCT neurons have ipsilateral and 
contralateral spinal axon collaterals. A) Rabies CVS-N2c driving GFP expression was 
injected into the cerebellum at P0 to transduce VSCT neurons (green). Spinal cord 
clearing was conducted with immunohistochemistry against ChAT to label motor neurons 
at P6. VSCT neurons were found to exhibit ipsilateral axon collaterals. B) In the same 






Figure 6.3. VSCT neurons in L1 and L2 segments possess descending axon collateral 
projections to caudal lumbar segments. A) CTb-488 was injected into the cerebellum to 
label VSCT neurons (green) at P0. CTb-555 was also injected into the L4-L6 spinal cord 
to label neurons retrogradely from synapses located in the caudal lumbar spinal cord 
(red). B) The rostral L1-L2 segments contained VSCT neurons with both fluorochromes 
co-localized, demonstrating the presence of descending axon collaterals from L1 and L2 
segment VSCT neurons. Motor neuron position was revealed by ChAT immunoreactivity 
(blue). Images were acquired through confocal microscopy and are shown at the single 





Figure 6.4. VSCT neurons are glutamatergic. A) CTb-488 was injected into the 
cerebellum at P0 to label VSCT neurons (green). Fluorescence in situ hybridization was 
performed at P4 for VGluT2 (vesicular glutamate transporter 2) (red). Inset shows a 
representative VSCT neuron which expresses VGluT2. B) Quantification of the 






Figure 6.5. VSCT neurons form glutamatergic synapses onto motor neurons. CTb-488 
was injected into the cerebellum at P0 to identify VSCT neurons and their axon collaterals 
(green). Motor neurons were identified with anti-ChAT immunoreactivity (blue). 
Immunohistochemistry against the synaptic marker VGluT2 (vesicular glutamate 
transporter 2) (red) revealed that VSCT neurons form glutamatergic synapses onto motor 
neurons. Arrows point to synapses from VSCT axon collaterals onto the motor neuron 




Figure 6.6. VSCT neurons can activate spinal motor neurons. A) Electrical stimulation of 
the cerebellum can induce activity in lumbar motor neurons at P3-P5. B) Photoactivation 
of VSCT neurons through Channelrhodopsin2 (CAV2-cre or CAV2-creGFP cerebellum 
injections in a floxed-Channelrhodopsin2 mouse) induces activity in lumbar motor 
neurons at P3-P5. The trace shown, at P4, is an averaged response over 60 trials with 








 The neural code underlying locomotion has proven difficult to decipher fully, 
despite the relative simplicity and accessibility of the behavior and its neural circuitry. 
However, recent studies, aided by novel molecular biology techniques, complex mouse 
genetics, viral gene delivery, and modern electrophysiology, have begun to reveal its 
organization. We have come a long way over the past century, since Thomas Graham 
Brown first localized the locomotor CPG to the spinal cord (Brown, 1911).  
One of the major concepts that has emerged is that the CPG is organized in a 
modular fashion, with specific functional roles assigned to specific neuronal classes. 
Beginning with evidence from spontaneous motor “deletions”, many studies have broken 
the locomotor circuitry down into two basic layers of rhythm generation and pattern 
formation, with activity in the rhythm generation layer believed to drive activity in the 
pattern formation layer (Lafreniere-Roula and McCrea, 2005; Rybak et al., 2006a; Rybak 
et al., 2006b; McCrea and Rybak, 2008; Kiehn 2006; Brownstone and Wilson 2008). 
Pattern formation, itself, contains two components: left-right alternation and flexor-
extensor alternation. Much of the progress into revealing which neurons constitute the 
locomotor CPG has occurred in the pattern formation layer, primarily in left-right 
alternation. Rhythm generation, by contrast, has proven much more elusive, perhaps 
because the rhythm generating neurons do not derive from a single progenitor domain. 
The results presented in this thesis shed insight into the identity of neurons that 
might constitute the rhythm generating core of the locomotor CPG. Ventral 
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spinocerebellar tract (VSCT) neurons were studied in the neonate mouse using 
electrophysiological and morphological assays. VSCT neurons were found to receive a 
mixed chemical (cholinergic and glutamatergic/aspartergic) and electrical monosynaptic 
input from motor neurons. VSCT neurons were found to display rhythmogenic properties 
and to exhibit rhythmic activity during locomotor-like activity. Furthermore, they were 
found to be glutamatergic and exhibit spinal axon collaterals. Most importantly, activation 
of VSCT neurons caused the production of locomotor-like activity. Conversely, silencing 
of VSCT neurons prevented the production of locomotor-like activity. Together, these 
findings lend support to the hypothesis that VSCT neurons are key mediators of locomotor 
activity. 
 
7.1 The role of ventral spinocerebellar tract neurons in the spinal locomotor central 
pattern generator 
 We postulate that VSCT neurons are components of the CPG rhythm generating 
layer. VSCT neuron elimination disrupts rhythm generation, demonstrating necessity of 
VSCT neurons to locomotor-like activity production. VSCT neurons are also sufficient for 
rhythm generation because their selective activation induces locomotor-like activity. 
These two findings are the most strict and rigorous set of criteria that a rhythm generating 
neuron should comply with (Brownstone and Wilson, 2008).  
 Brownstone and Wilson additionally proposed a list of criteria for rhythm generating 
interneurons based upon principles discovered through studying central pattern 
generators in invertebrates and lower vertebrates experimentally and mammalian central 
pattern generators through modeling studies (Brownstone and Wilson, 2008). A rhythm 
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generating interneuron would be expected to fulfill the majority of these criteria. First, they 
are expected to be located in the thoracolumbar spinal cord (Cazalets et al., 1995; Cowley 
and Schmidt, 1997, Kjaerulff and Kiehn, 1996, Marcoux and Rossignol, 2000). Evidence 
presented in this thesis as well as previously published studies shows that VSCT neurons 
fulfill this criterion (Cooper and Sherrington, 1940; Sprague 1953; Grant et al., 1982; Ha 
and Liu, 1968; Jankowska and Hammar, 2013). Second, they are expected to reside in 
the ventromedial spinal cord (Kjaerulff and Kiehn, 1996). Again, evidence presented in 
this thesis during neonatal development as well as previously published studies in adult 
animals show that VSCT neurons reside both medially and laterally within the ventral side 
of the spinal cord (Cooper and Sherrington, 1940; Sprague 1953; Grant et al., 1982; Ha 
and Liu, 1968; Jankowska and Hammar, 2013). Third, they are expected to receive 
descending glutamatergic reticulospinal and serotonergic input (Douglas et al., 1993; 
Noga et al., 2003; Ohta and Grillner, 1989; Liu and Jordan, 2005; MacLean et al., 1998; 
Ribotta et al., 2000). Previous studies have demonstrated that VSCT neurons do receive 
monosynaptic inputs from descending reticulospinal pathways, which carry information 
from the pyramidal tract and the mesencephalic locomotor region (Jankowska et al., 
2011a, Jankowska et al., 2011b). In addition, VSCT neurons also receive monosynaptic 
input from the rubrospinal tract (Baldissera and Bruggencate, 1975). Furthermore, VSCT 
neurons are richly innervated by descending serotonergic axons (Hammar and Maxwell, 
2002). Fourth, they are expected to receive primary afferent (group 1) sensory fiber input 
(Conway et al., 1987). Evidence presented in this thesis shows that VSCT neurons do 
receive primary afferent input, in agreement with previous studies in adult cat (Shrestha 
et al., 2012). Fifth, the neurons are expected to be glutamatergic (Lundberg, 1981). 
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Evidence presented in this thesis shows that ~95% of VSCT neurons are glutamatergic, 
utilizing VGluT2 as their vesicular glutamate transporter. Sixth, the neurons are expected 
to have mutual excitation or recurrent (i.e. self) excitation (Roberts and Tunstall, 1990; 
Rowat and Selverston, 1997). Evidence presented in this thesis shows that VSCT 
neurons fulfill this criterion as they are electrotonically coupled to each other, as I have 
demonstrated through dye coupling experiments.  Seventh, the neurons are expected to 
not be last order premotor interneurons on the basis of modeling studies (Burke et al., 
2001; McCrea and Rybak, 2008). However, there is some debate as to whether this 
criterion is strictly necessary, due to the fact that the rhythm generation and pattern 
formation circuitry may be considered a “one-layer” system as opposed to a “two-layer” 
system (Kiehn, 2006). Given that as of yet we do not fully understand the architecture of 
the CPG, and that a rhythm generating neuron might provide direct input to both motor 
neurons (for instance, to increase their excitability) and to pattern formation neurons (to 
drive the proper locomotor pattern), I propose that this criterion be amended to state that 
the interneuron is expected to influence motor neuron activity. Evidence presented in this 
thesis shows that VSCT neurons make synaptic contacts with motor neurons, through 
which they have the capacity to influence motor neuron activity. Eighth, the neurons are 
expected to exhibit intrinsic rhythmogenic properties (Perkel and Mulloney, 1974; Tegner 
et al., 1997; Russell and Hartline, 1978; El Manira et al., 1994; Getting, 1986). Evidence 
presented in this thesis shows that VSCT neurons exhibit rhythmogenic properties 
including a pacemaker current driven by Ih. Finally, the ninth criterion is that the neurons 
are expected to be rhythmically active during locomotor-like activity (Jankowska et al., 
1967; Jiang et al., 1999; Kudo and Yamada, 1987). Evidence presented in this thesis 
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shows that all examined VSCT neurons exhibited rhythmic activity during locomotor-like 
activity.  
Taken together, VSCT neurons not only fulfill both manipulation criteria in terms of 
either activating or silencing their activity, thus demonstrating sufficiency and necessity 
of VSCT neurons with regards to locomotor activity, but they also fulfill in essence all the 
criteria outlined by Brownstone and Wilson. Given the finding that stimulation of motor 
neurons can activate and influence the CPG (Mentis et al., 2007; Falgairolle et al., 2017), 
the finding that VSCT neurons receive robust monosynaptic contacts from central motor 
neuron axon collaterals, which can induce firing in VSCT neurons, lends further support 
to the conclusion that VSCT neurons are key mediators of locomotor-like activity. 
The synaptic inputs on VSCT neurons support the role they might play in the 
genesis of locomotor-like activity. Locomotor-like activity can be induced via several 
traditional methods including electrical stimulation of sensory fibers (Marchetti et al., 
2001; Whelan et al., 2000), electrical stimulation of motor neurons (Mentis et al., 2005), 
electrical stimulation of descending fibers (Noga et al., 2003), and application of a 
pharmacological cocktail of drugs consisting of NMDA, serotonin, and dopamine (Whelan 
et al., 2000; Kjaerulff and Kiehn, 1996). VSCT neurons may represent a point at which all 
of these methods of induction converge. They receive monosynaptic and polysynaptic 
connections from proprioceptive fibers as well as monosynaptic input from motor neurons. 
Additionally, the descending reticulospinal fiber inputs that they receive carry information 
from locomotor centers in the brain and brainstem. Interestingly, the rubrospinal input 
they receive also can carry locomotor information (Orlovsky, 1972a; Baldissera and 
Bruggencate, 1975; Armstrong, 1986; Arshavsky et al., 1988; Rho et al., 1999; Muir and 
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Whishaw, 2000; Lavoie and Drew, 2002; Jankowska et al., 2011a). Finally, VSCT 
neurons receive dense glutamatergic innervation (Shrestha et al., 2012) and serotonergic 
innervation (Hammar and Maxwell, 2002). Together with the result that photoactivation of 
VSCT neurons is sufficient to induce locomotor-like activity, the interesting implication is 
that VSCT neurons might be a nodal point at which all of these methods converge in order 
to induce locomotor-like activity. 
Likewise, the output from VSCT neurons supports the role that they might serve in 
producing locomotor-like activity. VSCT neurons have spinal axon collaterals, which likely 
have multiple direct cellular targets within the spinal cord. One of these targets may be 
motor neurons, although direct evidence for functional monosynaptic connections from 
VSCT neurons to motor neurons is lacking at present. This contact may aid in the 
recruitment of the proper motor neurons during the step cycle, in essence “priming” motor 
neurons to receive other commands from other CPG interneurons. Intriguingly, VSCT 
neurons in the L1/L2 flexor-dominated segments send axon collaterals caudally to the 
L5/L6 extensor-dominated segments. This descending connectivity may represent part of 
the rhythm generating circuitry needed to help coordinate flexor and extensor motor 
neuron pools. 
One aspect of locomotor-like activity that is generally understudied is that of 
forelimb-hindlimb coordination. In mice, coordinating forelimb and hindlimb motor activity 
is critical to proper locomotion. In humans, this circuitry does exist; typically arms and legs 
are swung in tandem with the right arm forward when the left leg is forward and vice versa. 
However, this coordination can easily be broken under conscious volition with little to no 
gross defect in locomotion. Therefore, the leg (hindlimb) circuitry is of paramount 
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importance in human locomotion, which explains the focus most researchers have placed 
on the hindlimb locomotor circuitry in rodents. Nonetheless, mice must have a robust 
system for coordinating activity between the forelimb and the hindlimb. The forelimb motor 
neurons reside in the cervical spinal cord, whereas the hindlimb motor neurons reside in 
the lumbar spinal cord. Intriguingly, within the cervical spinal cord, it was shown that 
nearly half of the cervical VSCT neurons send descending collateral branches to the 
lumbar spinal cord. This was demonstrated electrophysiologically by antidromic 
stimulation from the cerebellum and from the caudal spinal cord (Hirai et al. 1978; 
Mrowczynski et al. 2001), as well as through tracing experiments using a retrograde 
fluorescent double-labeling technique, whereby retrograde tracers were injected into the 
cerebellum and into the caudal spinal cord (Verburgh et al. 1989). It was concluded that 
the long descending axon collaterals of VSCT neurons might be involved in connecting 
neural circuits involved in forelimb-hindlimb coordination (Hirai et al. 1978). In light of the 
results presented in this thesis, this possibility merits further evaluation as cervical-lumbar 
connections of VSCT neurons may indeed be involved in forelimb-hindlimb coordination 
in the context of locomotion. 
 
7.2 Ventral spinocerebellar tract neurons are needed to maintain locomotor-like 
activity 
 Photoactivation of VSCT neurons was able to induce locomotor-like activity. To 
determine whether this represented an epiphenomenon of locomotion or whether VSCT 
neurons were involved in the normal production of locomotor-like activity, VSCT neurons 
were silenced. The abolishment of locomotor-like activity upon VSCT neuron silencing 
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provided evidence that VSCT neurons are necessary parts of the locomotor network. 
There were two possible interpretations of this result. On the one hand, VSCT neurons 
might be needed to start the rhythm, are necessary for its induction, but then their activity 
is no longer needed once the rhythm is started. Conversely, VSCT neuron activity might 
be needed not only to start the rhythm, but also to maintain the rhythm throughout the 
locomotor-like activity. We differentiated between these two possibilities through the use 
of the pharmacological cocktail to induce locomotor-like activity in experiments in which 
the inhibitory DREADDs receptor was introduced into VSCT neurons. The result that 
VSCT silencing abolished the ongoing rhythm under these conditions provided evidence 
that VSCT neurons are needed to maintain locomotor-like activity and not solely to induce 
the rhythm.  
 A caveat of the interpretation from the VSCT neuron manipulation experiments that 
VSCT neurons are key mediators of locomotor activity is that VSCT neurons may provide 
tonic excitatory drive to other CPG interneurons. It is possible that CPG rhythm generating 
neurons might respond by inducing a locomotor rhythm following any tonic excitatory 
drive that exceeds a set level. The tonic excitatory drive might be combined with intrinsic 
rhythmogenic properties such that these properties would become activated following 
excitation (Brocard et al., 2010). In this case, VSCT neurons might not actually be rhythm 
generating CPG interneurons, but rather might just provide excitatory drive to the rhythm 
generating CPG interneurons. Although this possibility could not be definitively ruled out, 
it is unlikely given that VSCT neurons exhibit rhythmic activity, including rhythmic action 
potential induction, during locomotor-like activity. If VSCT neurons provided tonic 
excitation to rhythm generating CPG interneurons which themselves had intrinsic 
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rhythmogenic properties, the expectation would be that VSCT neurons fire tonically 
throughout locomotor-like activity or perhaps just at the start of the locomotor-like activity. 
The rhythmic activity would then emerge at the level of the rhythm generating CPG 
interneurons. The finding that VSCT neurons exhibit rhythmic activity therefore provides 
indirect evidence that the induction of locomotor-like activity following VSCT neuron 
photoactivation is unlikely to represent tonic excitatory drive activating rhythm generating 
CPG interneurons. 
 
7.3 Ventral spinocerebellar tract neurons have rhythmogenic characteristics  
 Two major conceptual models have been proposed to underlie the source of 
rhythmicity in rhythmic networks: circuit mechanisms in which rhythmicity emerges from 
a pool of interneurons that synchronize their activity and cellular properties in which the 
pacemaking abilities of some neurons drive the activity of other neurons (Brocard et al., 
2010; Marder and Bucher, 2001; Feldman et al., 2013; Getting, 1989; Perkel, 1976). Both 
of these mechanisms appear to operate to drive the rhythmicity of the spinal locomotor 
CPG in mammals. 
 VSCT neurons were found to exhibit a pacemaker current, which enabled firing in 
a cell-autonomous fashion. Once activated, this current drove the cell towards and past 
its voltage threshold for action potential induction. A hyperpolarization-activated inward 
current (Ih), and not a persistent inward current, was found to be the source of the 
pacemaker current in VSCT neurons, at least during early development. Intriguingly, 
VSCT neurons were also found to exhibit pronounced after-hyperpolarizations (AHP). 
The AHP is likely mediated by calcium-dependent potassium channels (BK and/or SK 
188 
 
channels) (Stocker et al., 2004; Whitt et al., 2016). Together, these two properties may 
endow the VSCT neuron with the ability to initiate or sustain rhythmic burst firing. In this 
model, during VSCT neuron activation, the large AHP may hyperpolarize the cell, 
activating HCN channels to initiate an Ih. The Ih would then depolarize the cell, driving its 
membrane potential to its threshold voltage, at which point another action potential would 
be elicited and the cycle repeated (Fig. 7.1). Interestingly, a very similar mechanism of 
rhythmic firing, in which an Ih and an AHP interact to produce rhythmic burst firing, occurs 
in neurons in the inferior olive and in the thalamus (Lüthi and McCormick, 1998; Pape, 
1996; McCormick and Bal, 1997; Bal and McCormick, 1997; Llinás and Yarom, 1986; 
McCormick and Pape, 1990a). In particular, hyperpolarization by calcium-dependent 
potassium channels results in the activation of HCN channels to initiate an Ih in both sets 
of neurons. Notably, a low threshold calcium current is also present in both sets of 
neurons and contributes to their bursting capabilities. Whether this current is also present 
in VSCT neurons remains an open question. Blocking Ih prevented the induction of 
locomotor-like activity following VSCT neuron photoactivation. This finding coincides with 
published work regarding the role of Ih in the rhythmic firing of neurons in the inferior olive. 
Complete block of Ih in inferior olive neurons resulted in abolition of their ability to oscillate 
endogenously (McCormick and Pape, 1990a). Likewise, blocking Ih might prevent VSCT 
neurons from exhibiting rhythmic activity. 
 Regulation of Ih provides a powerful mechanism through which the rhythmic 
capacity of neuronal activity can be controlled and altered. There are four genes, HCN1-
4, encoding four different subtypes of HCN channels. Each of these channels has 
markedly different kinetics, exhibits significantly different sensitivity to cAMP and other 
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cyclic nucleotides, and displays different voltage dependency (Santoro et al., 2000). 
Additionally, protein phosphorylation of HCN channel subunits can alter their tuning and 
functionality (Pape, 1996; Gauss et al., 1998; Ludwig et al., 1998; Santoro et al., 1998). 
Binding of cyclic nucleotides, most notably cAMP, to HCN channels can greatly alter the 
voltage dependency of Ih by shifting the activation curve of HCN channels to more positive 
values, enhancing channel activity. For example, altering Ih through bidirectional cAMP 
regulation results in bidirectional modulation of heart rate (Lüthi and McCormick, 1998; 
DiFrancesco, 1993). At certain concentrations of cAMP, HCN channels can even become 
active at the resting membrane potential of a neuron (Kase and Imoto, 2012). In addition 
to cAMP, a number of other modulators of HCN channels have been reported including 
PIP2 and ethanol (Lewis et al., 2010; Tateno and Robinson, 2011; Ying et al., 2011; Kase 
and Imoto, 2012). Ih can thus be tuned by many different parameters, depending on the 
functional context and needs of the neuron and neuronal circuit. This modulation of HCN 
channels has been shown to have strong effects on the ability of individual neurons to 
produce endogenous oscillations as well as on the frequency of these oscillations 
(McCormick and Huguenard, 1992; McCormick and Pape, 1990a; McCormick and Pape, 
1990b; McCormick and Willamson, 1991). The modulation of HCN channels is known to 
cause behavioral effects as well, such as inhibition of prefrontal HCN channel activity via 
cAMP suppression causing improved working memory (Wang et al., 2007) and enhanced 
HCN channel activity via cAMP involved in the pathogenesis of neuropathic pain (Emery 
et al., 2011). Together, these previous findings imply that modulation of HCN channel 
activity and therefore regulation of Ih in VSCT neurons may represent a means through 
which locomotion could be regulated, perhaps for initiation or speed control. 
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 The second feature that rhythmic networks might exhibit, that of circuit connectivity 
predisposing to rhythmicity due to synchronization of activity among neurons, VSCT 
neurons also appear to exhibit. VSCT neurons were found to be electrically coupled to 
other VSCT neurons through gap junctions as revealed by dye coupling with Neurobiotin. 
Electrotonic coupling has previously been proposed to facilitate rhythm generation in a 
variety of neural networks, including motor output in neonate rodents (Getting et al., 1980; 
Eisen and Marder, 1982; Rekling et al., 2000; Tresch and Kiehn, 2000). Electrotonic 
coupling, along with intrinsic cellular pacemaking, has been proposed as a possible 
mechanism underlying the rhythm-generating locomotor network in mammals (Brocard 
et al., 2010). Interestingly, the monoaminergic neuromodulators dopamine, 
noradrenaline, and serotonin can activate intracellular signaling cascades leading to a 
reduction in gap junction coupling (Hatton, 1998). This modulation of gap junction 
conductance might be another pathway utilized to regulate the function of the locomotor 
CPG. 
 An important caveat regarding the photoactivation experiments in the presence of 
ZD7288 and carbenoxolone requires further attention. In both of these experiments, the 
pharmacological antagonist was bath applied, thereby perfusing the entire spinal cord. 
While its antagonism does operate on VSCT neurons, this method of blocking channels 
is not specific to VSCT neurons. Therefore, it is possible that blockade of Ih in other spinal 
neurons and/or blockade of gap junction communication between other spinal neurons 
might explain the result that locomotor-like activity was abolished following VSCT neuron 
photoactivation in both cases. Further experiments, perhaps using an shRNA for RNAi to 
silence the appropriate genes specifically in VSCT neurons via CAV2, should help 
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elucidate whether these properties are necessary within VSCT neurons or in other spinal 
neurons. 
 
7.4 Motor neurons and ventral spinocerebellar tract neurons form a recurrent 
excitatory loop 
 This thesis provides new and exciting evidence that motor neurons provide 
monosynaptic input to VSCT neurons through chemical and electrical synapses. This 
input is strong enough to cause VSCT neurons to elicit action potentials. However, VSCT 
neurons also have the capacity to influence motor neuron activity as demonstrated 
through electrical stimulation of the cerebellum and specific photoactivation of VSCT 
neurons. This may occur monosynaptically, as this thesis presents morphological 
evidence of direct VSCT neuron-to-motor neuron synaptic connections, or additionally, 
there may be one or more other neurons interlaced between VSCT neurons and motor 
neurons. Regardless, VSCT neuron activation can synaptically activate motor neurons, 
leading to their depolarization. This bidirectional communication between motor neurons 
and VSCT neurons may form the basis of a novel recurrent excitatory loop in the spinal 
cord. 
 This positive-feedback, recurrent excitatory loop may act to increase the 
excitability and firing of both VSCT neurons and motor neurons in a task-dependent 
manner. In contrast, Renshaw cells form a recurrent inhibitory loop with motor neurons 
as they receive monosynaptic excitatory connections from motor neurons and send 
monosynaptic inhibitory connections to motor neurons. It is therefore tempting to 
speculate that the VSCT neuron recurrent excitatory loop may be balanced with the 
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Renshaw cell recurrent inhibitory loop in order to help regulate motor neuron activity. 
VSCT neurons themselves receive input from Renshaw cells (Lindstrom and Schomburg, 
1973), suggesting that these two circuits may monitor the activity in each other. 
Intriguingly, the activity of VSCT neurons and Renshaw cells can be modulated by 
descending inputs from the brain and/or from inputs from other spinal interneurons 
(Hammar and Maxwell, 2002; Alvarez and Fyffe, 2007; Shrestha et al., 2012). This 
modulation may represent a gauge which can be controlled to tune the circuit more 
towards recurrent inhibition or towards recurrent excitation, with functional implications 
with regards to motor output. When more recurrent excitation is permitted, motor neurons 
would more easily elicit action potentials, causing firing in VSCT neurons and thereby 
more firing in motor neurons. When switched to a predominance of recurrent inhibition, 
motor neuron firing would then cause an inhibition of motor neurons and perhaps their 
silencing. 
 It has been known for some time that recurrent facilitation of the monosynaptic 
reflex can occur (Wilson, 1959; Wilson et al., 1960). This recurrent conditioning of the 
monosynaptic reflex occurs most prominently in the nerves of flexor muscles. The 
recurrent excitatory loop involving VSCT neurons and motor neurons may be the circuit 
mechanism underlying this facilitation. 
 Motor neurons have been increasingly recognized as important contributors to the 
locomotor CPG in leech, drosophila, nematode, crab, zebrafish, and mouse through 
glutamatergic mechanisms (Hashemzadeh-Gargari and Friesen, 1989; Weimann et al., 
1991; Matsunaga et al., 2017; Chalfie et al., 1985; Mentis et al., 2005; Song et al., 2016; 
Machacek and Hochman, 2006; Bonnot et al., 2009; Falgairolle et al., 2017). The 
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possibility that motor neurons are part of a recurrent excitatory loop with VSCT neurons 
further implicates them as important elements within or contributing to the mammalian 
locomotor CPG. In addition to motor neurons providing input to the locomotor CPG, they 
might also drive their own excitation through the recurrent excitatory loop. 
 Importantly, future work will need to map out the precise details of this recurrent 
excitatory loop. If VSCT neurons contact motor neurons on the ipsilateral spinal cord, this 
circuit could act as a positive feedback, recurrent excitation loop. VSCT neurons may 
instead, or in addition, contact motor neurons on the contralateral spinal cord, in which 
case the positive feedback loop may be more complex, involving alternating bilateral 
excitation. This could be involved in bilateral coordination and timing of the rhythmic 
activity necessary for locomotion. Furthermore, the precise relationship between the 
Renshaw cell recurrent inhibition loop and the VSCT neuron recurrent excitation loop 
demands future study in order to understand if and how these loops might counterbalance 
each other.  
 
7.5 Transcription factor expression of ventral spinocerebellar tract neurons  
 Transcription factor expression is one method to identify a cell population. 
However, other methods, including anatomical or electrophysiological criteria, can also 
be used to identify cell populations. The fact that there is functional redundancy between 
interneuron classes defined by transcription factor identity (Zhang et al., 2014) suggests 
that for certain functional roles, transcription factor expression might not be the most 
specific way to classify a cell population. For the present study, we defined a cell 
population using anatomical criteria: on the basis of axonal projection and soma position. 
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In general, an appropriate method to delineate cell populations is dependent upon the 
involved behavior. 
 We observed a minor expression of Shox2 in VSCT neurons, where few VSCT 
neurons expressed Shox2, and few Shox2-expressing neurons were VSCT neurons. On 
the other hand, Chx10 was virtually absent from VSCT neurons. Interestingly, the VSCT 
neurons which did express Shox2 were therefore also Chx10 negative, and part of the 
non-V2a Shox2+ interneurons. This is the subclass of Shox2 interneurons reported to be 
involved in rhythm generation (Dougherty et al., 2013). It has been reported that 33% of 
P0/P1-expressing Shox2 interneurons are Chx10- and therefore not V2a interneurons 
(Dougherty et al., 2013). We observe that ~10% of all Shox2 interneurons at P4 are VSCT 
neurons. Therefore, VSCT neurons represent approximately 1/3rd of the non-V2a Shox2 
interneurons. This number is likely an underestimate, as it is unlikely that CTb injections 
label all VSCT neurons, so some of the non-V2a Shox2 interneurons which were CTb- 
may indeed be VSCT neurons as well. It is possible that the partial perturbation of the 
locomotor rhythm, judged by a decrease in locomotor frequency, upon Shox2 interneuron 
silencing is therefore due to the silenced VSCT neurons, perhaps in addition to other non-
VSCT neuron non-V2a Shox2 interneurons. This possibility is enhanced by the data 
presented in this thesis that silencing the VSCT neuron population abolishes the 
production of locomotor-like activity.  
VSCT neurons were found to not express Hb9. This suggests that the mechanism 
through which Hb9 silencing perturbed the locomotor rhythm as previously reported 
(Calderia et al., 2017) was not simply through direct silencing of VSCT neurons. It is 
possible, however, that Hb9 interneurons and VSCT neurons operate together to provide 
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locomotor drive. Hb9 interneurons may be upstream of VSCT neurons, helping to provide 
excitatory drive to them. Alternatively, Hb9 interneurons may be downstream of VSCT 
neurons, helping to coordinate the circuit activity following VSCT neuron firing. In either 
case, silencing of Hb9 interneurons might therefore perturb the locomotor rhythm, without 
totally abolishing the rhythm if other interneurons are also involved in the activation of 
VSCT neurons or execution of their commands. 
 
7.6 A revision of the efferent copy hypothesis  
 The cerebellum plays a critical role in balance and locomotion. Some of the most 
obvious clinical signs of cerebellum damage are gait ataxia and impairments of balance, 
including loss of upright posture during walking (Morton and Bastian, 2004). The influence 
of the vermis, where VSCT neurons have their most abundant termination (Grant, 1962; 
Matshushita and Okado, 1981), on locomotion and balance has been well documented 
through physiological and lesion experiments using animal models (Sprague and 
Chambers, 1953; Chambers and Sprague, 1955a; Chambers and Sprague, 1955b; 
Thach et al., 1992; Yu and Eidelberg, 1983; Orlovsky, 1972b; Orlovsky, 1972c; Udo et 
al., 1981; Morton and Bastian, 2004). VSCT neurons also terminate in the paravermis 
(Grant, 1962; Matshushita and Okado, 1981), which has been suggested to be involved 
in locomotion as well through specific control of limb placement, especially when precision 
is required (Yu and Eidelberg, 1983; Chambers and Sprague, 1995b; Morton and Bastian, 
2004). The cerebellum is also well known to be involved in motor error correction and 
learning in arm and eye movements (Deuschl et al., 1996; Martin et al., 1996; Lang and 
Bastian, 1999; Robinson, 1976; Raymond et al., 1996; Krupa and Thompson, 1997; 
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Takagi et al., 1998). Although the spinal cord is capable of producing some adaptation of 
locomotion with regards to sensory feedback (Forssberg et al., 1975; Lam and Pearson, 
2002; Akay et al., 2014; Kiehn, 2016), long-term, more complicated adaptations of 
locomotion have been proposed to rely on the cerebellum and possibly other supraspinal 
areas (Grillner and Wallen, 1985; Armstrong, 1986). To this end, several studies have 
shown that damage to the cerebellum impairs postural and locomotor adaptation based 
on trial-and-error practice (Rand et al., 1998; Earhart et al., 2002; Morton and Bastian, 
2003). Together, this wealth of animal and human studies provides strong evidence that 
although the locomotor CPG resides solely in spinal cord circuits, the cerebellum is 
indeed involved in locomotor control. 
 This thesis has focused on the role of VSCT neurons within the spinal cord with 
regards to a rhythmogenic function in locomotion. However, the main axon of VSCT 
neurons ascends to the cerebellum as mossy fiber input. The standing hypothesis on 
VSCT function, the “efferent copy” hypothesis of Lundberg (Lundberg, 1971; Arshavsky 
and Orlovskii, 1981) focuses on this connectivity. The hypothesis has been modified 
slightly since it was first proposed (Fig. 1.9), but in essence states that VSCT neurons 
provide the cerebellum with feedback information regarding the ongoing state of the 
ventral spinal cord. 
 Mossy fiber input from VSCT neurons exerts a powerful influence on cerebellar 
cortical firing. In particular, a high proportion of granule cells, golgi cells, molecular layer 
interneurons (stellate and basket cells), and Purkinje cells display a strong spike response 
to VSCT neuron stimulation (Geborek et al., 2013). Furthermore, cat VSCT neurons are 
believed to drive rhythmic activity in Purkinje cells during the fictive scratch reflex, a simple 
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rhythmic motor task where one hindlimb moves in a rhythmic fashion while the other limbs 
remain inactive (Arshavsky et al., 1984). During fictive scratching, local field potentials in 
the cerebellum display sinusoidal rhythmic electrical activity (Martínez-Silva et al., 2014), 
with the highest amplitude in the vermis, the cerebellar site where VSCT neurons 
terminate (Grant, 1962; Matshushita and Okado, 1981). This sinusoidal rhythmic 
electrical activity displays a significant reduction following transection of the ventral 
spinocerebellar tract, suggesting that it is partially driven by VSCT neuron activity, 
although other pathways also appear to contribute (Martínez-Silva et al., 2014). Together 
with the findings presented in this thesis that VSCT neurons exhibit rhythmic activity 
during locomotor-like activity, VSCT neurons are likely to strongly influence cerebellar 
neuron activity in a rhythmic fashion during locomotion. 
 The evidence presented in this thesis represents a sea change in our 
understanding of VSCT neurons. VSCT neurons do not only send axonal projections to 
influence cerebellar processing, but also provide an important driving source of locomotor 
activity within the spinal cord itself through their axon collaterals. Nevertheless, the 
fundamental function of the “efferent copy” hypothesis may indeed be true. VSCT neurons 
not only instruct the spinal cord to produce locomotor activity, but also inform the 
cerebellum as to the instructions sent to the spinal cord. With the cerebellum’s important 
roles in locomotion and balance, this input might be critical for normal cerebellar 
functioning and therefore normal locomotion. In reality, this signal from VSCT neurons to 
the cerebellum represents a true efferent copy, as a literal double of the action potential 
firing sent to the spinal cord from VSCT neurons is sent to the cerebellum as mossy fiber 
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input. Therefore, rather than rejecting the efferent copy hypothesis, it should be amended 
to take into account the novel function VSCT neurons serve within the spinal cord. 
 
7.7 Conclusion 
In summary, ventral spinocerebellar tract neurons should be considered rhythm 
generating neurons in the mammalian locomotor central pattern generator. They receive 
monosynaptic input from motor neuron axon collaterals, implicating them in the influence 
motor neurons can exert on locomotion. They have intrinsic cellular and connectivity 
properties associated with rhythmogenesis. Their spinal connectivity positions them such 
that they can drive activity in other neurons throughout the spinal cord. Finally, VSCT 
neurons are both necessary and sufficient for the production of locomotor-like activity. 
 Figure 7.2 presents the possible neural circuitry responsible for producing 
locomotion in mice. In this model, VSCT neurons help provide drive to the circuitries 
responsible for left-right coordination as well to circuitries responsible for flexor-extensor 
coordination. These circuitries in turn provide rhythmic drive to the motor neurons in order 
to produce locomotion.  
In addition to several potential future areas of research raised above, there are 
important questions for future studies emerging from this model of the locomotor CPG. 
Which interneurons are the cellular targets of VSCT neurons’ spinal axon collaterals, and 
in what segments? It is likely that VSCT neurons directly contact CPG interneurons and 
influence motor output through these connections. Mapping out the connectivity pattern 
of VSCT neurons in detail will help establish interneuron classes that might be involved 
in the CPG as well as lend insight into its bilateral and intersegmental organization. What 
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is the rhythmic firing pattern of VSCT neurons located in other lumbar segments? In 
particular, do VSCT neurons in the L5/L6 segments (which contain predominately 
extensor motor neurons) (Kiehn, 2006; Gosgnach et al., 2006; Whelan et al., 2000; 
Bácskai et al., 2014) exhibit rhythmicity in phase with the ipsilateral predominately flexor 
L1/L2 motor neurons or in phase with the ipsilateral predominately extensor L5/L6 motor 
neurons? The answer to this question would have implications with regards to the 
proposed theoretical CPG models, namely the classic “half-centre model” (Stuart and 
Hultborn, 2008), a localized rhythmogenic center (Cazalets and Bertrand, 2000; Cazalets 
et al., 1995), a dominating flexor-burst model (Brownstone and Wilson, 2008; Zhong et 
al., 2012; Shevtsova et al., 2015; Machado et al., 2015; Hinckley et al., 2015), and the 
unit-burst generator concept (Grillner, 1981). What is the role of VSCT neurons with 
regards to locomotion in the mature, adult mouse? One possibility is that VSCT neurons 
might play a developmental role in locomotion and circuit formation and once the motor 
circuit has matured, VSCT neurons might serve a different purpose or a less prominent 
role in the context of the genesis of locomotor behavior. Intriguingly, another possibility is 
that VSCT neurons may play a similar role in producing locomotion throughout the life 
span of the animal. 
Despite these outstanding questions, the conclusion that VSCT neurons are key 
mediators of locomotor activity during normal development represents an important 
advance in our understanding of spinal locomotor networks and rhythmogenesis. To my 
knowledge, these are the first reported experiments in which activation of an identified 
single class of spinal interneurons was sufficient to produce locomotor-like activity. 
Likewise, no previous report has demonstrated the necessity of any single class of spinal 
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interneurons to locomotor rhythmogenesis. There would be tremendous implications with 
regards to the treatment of spinal cord injury if VSCT neurons prove to be as critical in 






Figure 7.1. Firing of a VSCT neuron in which the rhythmic self-sustained firing might be 
produced through an interaction between a large after-hyperpolarization (AHP) and an h-




Figure 7.2. Model of the possible central pattern generator neural circuitry responsible for 
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